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ABSTRACT
Estimating Evapotranspiration of a Riparian Forest Using Sap Flow Measurements
James Ross Solum
To close the water use budget of irrigated agricultural fields in floodplains with
substantial riparian corridors, it is necessary to understand groundwater usage by
dominant phreatophytic vegetation, particularly when the primary source of water for
irrigation comes from groundwater abstraction. We report here results of estimated
evapotranspiration (ET) of a riparian forest, which were based on measurements of
sap flow in phreatophytic vegetation within a riparian corridor. The riparian corridor
is 75–140 meters wide within a study area in the lower portion of the Scotts Creek
watershed, which is bounded to the west by the Pacific Ocean in Santa Cruz County,
California.
Canopy coverage in the study area often approaches 100% during the growing
season, with dominant trees being red alder (Alnus rubra Bong.), arroyo willow
(Salix lasiolepis Benth.), and pacific willow (Salix lasiandra Benth. var. lasiandra).
Other trees include boxelder (Acer negundo L.), bigleaf maple (Acer macrophyllum
Pursh.), California bay laurel (Umbellularia californica (Hook. & Arn.) Nutt.),
and coastal redwoods (Sequoia sempervirens (D. Don) Endl.). Common understory
vegetation includes California blackberry (Rubus ursinus Cham. and Schlecht.),
stinging nettle (Urtica dioica subsp. gracilis L.), poison hemlock (Conium maculatum
L.), Cape ivy (Delairea odorata Lem.), Italian thistle (Carduus pycnocephalus L. subsp.
pycnocephalus), and western poison oak (Toxicodendron diversilobum (Torr. & A.
Gray) Greene).
We hypothesized that the ET of a riparian forest could be estimated by measuring
the sap flow of riparian phreatophytic trees. For the study reported here, only the
two most dominant phreatophytic species, namely red alders and arroyo willows, were
instrumented with thermal dissipation probes. In addition to diurnal fluctuations,
sap flow data collected hitherto also showed expected seasonal variation with summer
maxima and winter minima, with transition fall and spring periods. Sap flow measurements from the study area were used to estimate riparian forest ET by projecting
them across the canopy areal extent of the riparian forest using sampled tree sapwood
areas from six sample plots. The sap flow-based ET results were then compared to
ET results reported by two other methods. Additional research, including increased
number of trees with thermal dissipation probes, further analysis of sap flow behavior,
and continued long-term measurement of sap flow, is needed to further improve the
method of using long-term sap flow measurements to estimate the ET of a riparian
forest.
Keywords: evapotranspiration, riparian forest, phreatophyte vegetation, sap flow,
thermal dissipation probes, Alnus rubra, Salix lasiolepis, groundwater
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CHAPTER 1: INTRODUCTION

Prolonged drought conditions in California and the associated increased reliance
on groundwater resources for irrigation in coastal riparian corridors have necessitated
a re-examination of agricultural groundwater use in riparian zones, particularly the
impacts of groundwater abstraction on instream flows. Minimum flow requirements in
coastal creeks are a particular source of serious concern for riparian forest and land
managers, fisheries biologists, and agencies assigned to evaluate sustainable instream
flow requirements. Prior works in coastal riparian systems (e.g., Snider et al. (1995))
have focused entirely on groundwater abstraction, with only cursory attention given
to consumptive groundwater use by riparian vegetation. An accurate understanding
of impacts of groundwater abstraction for irrigation requires a consideration and
characterization of all components (inputs, outputs, and storage) of watershed specific
water budgets, including the poorly understood consumptive groundwater use by
phreatophytic vegetation. There is a need to obtain direct measurements of groundwater fluctuations induced by riparian vegetation evapotranspiration (ET) and of the
ET flux itself in such systems.
Riparian forests are among the most productive of natural ecosystems. They
perform such ecological functions as filtering runoff from adjacent irrigated fields,
thereby minimizing non-point source contamination of groundwater with nitrate and
other contaminants, including pesticides and animal waste. In addition to providing
habitat for several endangered species native to California, riparian forests play a
central role in the earth’s strongly coupled energy budget and hydrologic cycle through
consumptive water use from ET. Direct measurement of groundwater responses and tree
sap flow could lead to improved understanding of the ET component of the hydrologic
cycle attributable to consumptive groundwater use by phreatophytic vegetation.
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Evapotranspiration from riparian forests is key to accurate understanding of
regional and local water and energy balances, particularly in semiarid regions and
during periods of prolonged drought in multi-land use areas. There are, however,
typically high uncertainties in seasonal and long-term (decadal scale) riparian forest
ET data given the focus on diurnal fluctuations (Scott et al., 2000; Goodrich et al.,
2000). These uncertainties limit the ability to accurately estimate and make longterm predictions about the groundwater component of water budgets consumed
by vegetation in these forests (Goodrich et al., 2000). Riparian zones in semiarid
regions often exhibit high rates of ET in spite of low-soil wetness because of the
presence of phreatophytic vegetation, which are able to access water in permanent
or seasonal groundwater sources. Phreatophytes (e.g., cottonwoods (Populus spp.)
and willows (Salix spp.)) in temperate, semiarid zones, are deep-rooted and fulfill
a significant proportion of their water needs by direct abstraction of groundwater
from the saturated zone (Loheide II et al., 2005; Johnson et al., 2013). The direct
abstraction of groundwater from the saturated zone by phreatophytes is reflected in
diurnal water-table fluctuations and can be measured by direct monitoring of vadose
zone soil moisture and saturated zone groundwater levels (Loheide II et al., 2005;
Gribovszki et al., 2008; Malama and Johnson, 2010). In most long-term ET and
groundwater studies, the amount of water used by phreatophytes is estimated by
empirical formulae and extrapolation of measurements taken elsewhere. This can
be problematic given the uncertainties associated with the subsurface sources of the
water and the relative magnitudes of the groundwater and ET fluxes (Scott et al.,
2000; Goodrich et al., 2000).
To properly couple riparian forest ET to groundwater flow models, it is also
critical to identify and, where possible, isolate subsurface sources of consumptive water
use (groundwater, surface runoff, precipitation, or vadose zone) by phreatophytes.
2

Typically, phreatophytic vegetation derive water from multiple subsurface sources
(Scott et al., 2000; Goodrich et al., 2000). The availability of these water sources
is also a function of seasonal variability in surface water supplies and depth to the
saturated zone (Snyder and Williams, 2000). Another complexity associated with
estimating riparian forest ET is the irregular geometry of a typical riparian corridor
forest, which limits the usefulness of analytical groundwater flow models. It is also
critical to decouple long-term groundwater declines attributable to consumptive use
by phreatophytic vegetation from those associated with increasing withdrawals for
agricultural production in irrigated fields. Recently, Malama and Johnson (2010)
developed an analytical model for groundwater fluctuations in water-table (unconfined)
aquifers in response to a sinusoidal ET flux forcing at the water table. The model was
used to analyze diurnal fluctuations observed in shallow wells in an unconfined aquifer
along the Boise River riparian corridor near Boise, Idaho (Malama and Johnson, 2010;
Johnson et al., 2013). As is typical of most groundwater modeling studies, these
studies along the Boise River riparian corridor were limited to a 1–2-week time scale
and thus ignoring seasonal variations required to understand long-term groundwater
system responses to prolonged drought and groundwater abstraction for irrigation
(Maddock III et al., 1998; Goodrich et al., 2000).
To resolve the data gaps and research questions still remaining, a study was
conducted where phreatophytic vegetation sap flow and groundwater response to
ET forcing by phreatophytes were continuously monitored over a two-year period.
Thermal dissipation probes (sap flow probes) were used to obtain direct ET (plant
water usage) data from a representative sample of phreatophytic vegetation in the
riparian forest on a single forest plot. These data will provide the empirical ET forcing
flux function for future use in a coupled groundwater-vadose zone flow numerical
model that is currently under development. Groundwater levels were monitored in
3

piezometers installed in a near-surface thin clay/silt aquitard above a leaky confined
aquifer. They were passively monitored with pressure transducers, which yielded a
temporal record of their response to ET forcing over the duration of the study. The
primary objective was to determine the ET flux by phreatophytic vegetation in a
riparian forest using direct measurements of sap flow. The results reported herein focus
on the ET flux estimation for the riparian forest. The sap flow-based ET is compared
with ET based on NDVI/meteorological data and reference ET (ETo) by a standard
method. Future work will focus on relating the ET flux to consumptive groundwater
use by phreatophytes. The results reported here will be key to developing sustainable
approaches for groundwater allocation in riparian forest environments for forest health,
agricultural food production, and adaptive management of aquatic resources. The
results will have a direct bearing on recommended strategies for landowners to modify
their rates of groundwater abstraction to mitigate concerns over instream flows and
fisheries habitat. The data will provide resource management and protection agencies
(e.g., NOAA National Marine Fisheries Service, the California Department of Fish
and Wildlife, and the U.S. Forest Service) with objective scientifically-defensible
information for use as they develop policy recommendations.
In the first of the following chapters, a comprehensive review of the literature
on riparian forests, phreatophytes, ET, sap flow, and groundwater-phreatophyte
interactions is provided. This is followed by a description of the study site and the
study methodology. The results of the study are then presented and followed by their
discussion, which in turn are followed with conclusions from the study.
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CHAPTER 2: LITERATURE REVIEW
2.1 Overview
During extended periods of drought and in regions with inadequate precipitation,
farmers rely on groundwater to irrigate their crops. These agriculture fields are often
adjacent to riparian forests, but little is known of the impacts on stream flows and
groundwater from irrigation. Evapotranspiration from riparian forests is crucial to
understanding water and energy balances. Measurement of phreatophyte sap flow and
groundwater fluctuations can enhance the understanding of the ET component of the
hydrologic cycle due to groundwater consumption by phreatophytic vegetation. Such
data will serve as the empirical ET forcing flux function in a groundwater-vadose zone
flow model.
Riparian forests are some of the most productive natural ecosystems in the world.
In semiarid regions with extended drought periods, riparian vegetation receive most of
their water from groundwater (Scott et al., 2000; Goodrich et al., 2000). Phreatophytic
vegetation have deep roots that tap into the groundwater table. The groundwater
consumption from phreatophytes can be estimated by measuring the sap flow of these
phreatophytes and nearby groundwater levels. In order to help maintain healthy
riparian zones adjacent to multi-land use areas, it is important to understand how
much groundwater riparian forests consume over a decadal time scale. Therefore, this
literature review will address research pertaining to riparian forests, phreatophytic
vegetation, evapotranspiration, methods for measuring sap flow, and groundwaterphreatophyte interactions.

5

2.2 Riparian Forests and Phreatophytic Vegetation
Riparian forests play an important role in the health of a watershed. They are
defined as the vegetation immediately adjacent to lakes, streams, ponds, and rivers.
Riparian forests serve as the transition zones between aquatic and terrestrial ecosystems.
They help provide nutrients and habitat for numerous biological communities and
organisms (Welsch, 1991). The trees provide shade on waterways and decrease
water temperatures, which benefit salmonids (e.g., salmon and trout. High water
temperatures increase the amount of oxygen required by salmonids and reduce the
amount of oxygen available in the stream (Boyce, 2003).
Riparian forests filter and retain sediment, store and immobilize chemicals (e.g.,
nitrogen and phosphorus), maintain stability of creek banks, and recharge the subsurface groundwater (Schultz et al., 2005). Riparian forests are only effective at retaining
sediment if the surface water flows like a sheet (slow velocity) and not like a stream
channel (fast velocity). Concentrated flow will erode the riparian surface (Schultz
et al., 2005), while sheet flow erodes less sediment, which reduces stream turbidity
and deposition, ultimately improving water quality (Jordan et al., 1993). Nitrogen is
one of the most prevalent chemicals for non-point source pollution. Agricultural fields
contribute approximately 43% of nitrogen annually to streams while rangelands provide
about 25% (Welsch, 1991). Too much nitrogen in the water can cause eutrophication,
which results in the reduction of available dissolved oxygen and the deaths of aquatic
organisms (Jordan et al., 1993).
The water requirements of riparian vegetation are usually fulfilled by moisture
in the soil and/or groundwater (Gribovszki et al., 2008). Riparian forests often
contain phreatophytic species. Phreatophytes are plants that depend primarily on
groundwater for long-term survival because precipitation is insufficient in their specific

6

Figure 2.1: A conceptual model of a simplified riparian zone. Roots of riparian forest
phreatophytes are shown within the saturated zone (excerpted from Gribovszki et al.
(2008)).
environments (Figure 2.1) (Robinson, 1958; Naumburg et al., 2005). The root systems
of phreatophytes extend to the water table or the capillary fringe (Naumburg et al.,
2005; Rood et al., 2011). Depending on the soil texture, roots may extend 30–100 cm
below the ground surface to reach the water table (Shah et al., 2007). According to
Robinson (1958), the eight most common phreatophytes in the Western United States
are alfalfa (Medicago sativa), cottonwood (Populus spp.), greasewood (Sarcobatus
vermiculatus), pickleweed (Allenrolfea occidentalis), rabbitbrush (Chrysothamnus
spp.), salt cedar (Tamarix spp.), and willow (Salix spp.).
At Swanton Pacific Ranch, the location of this study, one of the most common
phreatophytes within the riparian forests are red alders (Alnus rubra Bong.). Red
alders are a deciduous hardwood species native to the Pacific Northwest (Worthington
et al., 1962). As a pioneer species, they are fast-growing, relatively short-living, and
7

shade intolerant. According to Worthington et al. (1962) and Fowells (1965), red alders
tend to favor sites with bare mineral soil and high sun exposure that were disturbed
by floods, windthrows, logging, or fires. They generally grow in humid to superhumid

°

climates within 160 km of the ocean from southeastern Alaska (latitude 60 N) to

°

the Santa Ynez mountains in southern California (latitude 34 S), but are limited to
riparian zones in drier climates. As facultative phreatophytes, red alders are not always
in contact with groundwater (Barbour, 1986; D et al., 1997). They require ample soil
moisture from precipitation and/or groundwater for survival. Typical sites receive
400–5600 millimeters of annual precipitation and have depths to summer water tables
of 4 m or less (Dobkowski, 2006). Red alders are prevalent in low drainage conditions
(e.g., poorly-drained clays or organic soils), but they prefer well-drained sands or
gravels derived from alluvium (Worthington et al., 1962; Fowells, 1965; Harrington,
2006).
Red alders generally form shallow, extensive, and fibrous root systems (Worthington
et al., 1962; Harrington et al., 1994). The extent of the root system is influenced by
the drainage, structure, and compaction of the soil. In a study by Smith (1964), the
average root lengths of red alders in poorly drained soils were 0.8–4.9 m, with a mean
average length of 3.0 m. Roots grow near the ground surface in poorly drained soils
or temporarily flooded sites, but they grow deeper in well-drained soils. Smith (1964)
also reported that the roots grew less than one meter below the ground surface in
poorly drained soils.
Red alders act as great forested riparian buffers because they mitigate stream
bank erosion, enhance aquatic habitat, and protect water quality (West, 2016). Their
canopies provide dense shade for streams and the soil, thus reducing water temperatures
and soil moisture loss, respectively. Soil erosion is mitigated by the heavy layer of
litter that forms from fallen leaves.
8

According to Worthington et al. (1962), the bark on a red alder is fairly smooth,
and is a mix of light gray and white in color. The bark is also very thin and seldom
greater than 1.9 cm in depth. The sapwood and inner bark may turn reddish-brown
when exposed to oxygen. As a diffuse-porous tree, the growth rings are narrow and not
well-defined, which makes it difficult to determine the age of a red alder (Leney et al.,
1978). There is not an obvious visual color difference or boundary between sapwood
and heartwood, especially in younger trees (Kutscha and Sachs, 1962; Worthington
et al., 1962). Red alders need to be very mature to develop heartwood. For example,
Moore et al. (2004) reported that young red alders under 35 cm in diameter did not
have heartwood in the western Cascade Range of Oregon. In another study within
the same area, heartwood was not found in 10—15-year-old red alders within mixed
and monoculture plots (Moore et al., 2011).
Literature concerning the sap flow of red alders is limited. However, a few studies
have been done at the H.J. Andrews Experimental Forest in the western Cascade
Range of Oregon ((Moore et al., 2004, 2010, 2011). From early July through early
September, Moore et al. (2004) reported mean sap flux densities of seven trees (24–35
cm in diameter) ranging from 100–1,550 kilograms meters-2 day-1 . From late April
through early July, Moore et al. (2010) reported mean sap flux densities ranging from
1,007–1,517 kg m-2 day-1 . In a third study with 15-year-old monoculture plots, red
alders (12.5–15.8-cm DBH) transpired 104–130 mm annually (Moore et al., 2011).
The literature concerning the typical growing season of red alders is sparse, but
some research has been done outside of California. In the Pacific Northwest, numerous
studies determined the growing season to be approximately April 1 through September
30 (Deal and Harrington, 2006). Reukema (1965) reported stem diameter growth in a
50-year-old stand from mid-April to mid-September in western Washington State, but
there was much year-to-year variation due to weather. On the Oregon coast, Giordano
9

(1989) reported leaf bud burst between late March and mid-April, and stem diameter
growth from early April to mid-September for 3-year-old red alders.
Two other common phreatophytic species at Swanton Pacific Ranch are the
arroyo willow (Salix lasiolepis Benth.) and pacific willow (Salix lasiandra Benth.
var. lasiandra). The arroyo willow is the most common willow species in the Santa
Cruz Mountains (Thomas, 1991). They are deciduous fast-growing woody plants
that usually inhabit humid or wet alluvial areas in the northern hemisphere. Arroyo
willows typically grow in the coastal areas of California, most of northern California,
and in other scattered areas of the western United States (Little Jr., 1976). Pacific
willows typically grow along the coastal areas of the western United States from
southern California up through Washington State, in the foothills of the Sierra Nevada
mountains, throughout much of northern California, and throughout Idaho and British
Columbia (Little Jr., 1976).
According to West (2016), these two willow species comprise some of the most
important erosion control and habitat modifiers to the Scotts Creek watershed. They
provide shade to the stream and reduce soil erosion, which decreases the stream
temperature and improves water quality for aquatic organisms, respectively. According
to Frédette et al. (2019), the mean ET rate of other willow species (Salix amygdaloides
Anderss., Salix babylonica L., Salix caroliniana Michx., Salix cinerea L., and Salix
fragilis L.) in floodplains from various studies throughout the world was 3.6 mm/day.
As obligate phreatophytes, willows require contact to groundwater year-around (D
et al., 1997). According to Meinzer (1927) and Bryan (1928), the presence of willows
indicates shallow water tables because they are sensitive to increased depths to
groundwater from the lowering of stream beds. Willow roots are usually found in the
saturated zone and consume very little water from the unsaturated zone (McQueen
and Miller, 1972; Amlin and Rood, 2002).
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At Swanton Pacific Ranch, arroyo willows grow as shrubs or large multi-stemmed
trees, while pacific willows grow as large single or multi-stemmed trees. The bark
of an arroyo willow is typically smooth in texture and dark brown to yellowish in
color. Pacific willow bark tends to be deeply furrowed, especially in older trees. As
a diffuse-porous tree, the growth rings are not well-defined and the color differences
between sapwood and heartwood are not distinct.
2.3 Evapotranspiration
Evapotranspiration (ET) consists of two subprocesses: transpiration and evaporation. Transpiration is the transformation of liquid water to vapor within a plant
and its discharge into the atmosphere. Transpiration involves the uptake of soil
water by plant roots, transport of the water through the plant into the leaves, and
the water evaporation from the leaves’ stomata into the atmosphere (Ward et al.,
2016). The rate of transpiration is influenced by numerous climatic factors including
vapor pressure deficit (VPD), solar radiation, relative humidity, wind speed, leaf
wetness, precipitation, soil moisture, and air temperature (Granier, 1987; Allen et al.,
1998; O’Brien et al., 2004; Butler Jr. et al., 2007; Ward et al., 2016). The rate of
transpiration usually increases with increases in solar radiation, vapor pressure deficit,
air temperature, wind speed, and soil moisture. It usually decreases with increases in
relative humidity, leaf wetness, and precipitation. Nocturnal transpiration is usually
considered negligible due to plant stomata closure and lack of solar radiation (Daley
and Phillips, 2006). However, multiple studies have shown that plants take up water
during the night to replenish their water storage (Phillips et al., 2003; Daley and
Phillips, 2006; Oishi et al., 2008; Fan et al., 2016).
The second subprocess of ET is evaporation. Evaporation is the process of water
changing in state from a liquid to a gas. Water evaporates from open water (e.g.,
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streams, rivers, lakes, and reservoirs), soil, pavement, living organisms, and wet
vegetation surfaces (Allen et al., 1998; Bidlack and Jansky, 2011; Ward et al., 2016).
The rate of evaporation is driven by the water vapor pressure differential between
the evaporating surface and the surrounding atmosphere. Therefore, solar radiation,
air temperature, relative humidity, and wind speed are the crucial meteorological
variables that affect evaporation (Allen et al., 1998).
Two common methods to estimate ET are the Modified Penman Equation and an
equation utilizing normalized difference vegetation index (NDVI) data and meteorological data. The original Penman Equation comprises two terms: energy (radiation) and
aerodynamic (wind and humidity) (Penman, 1948). The Modified Penman Equation
is similar to the original Penman Equation, but it includes an amended wind function
(Doorenbos and Pruitt, 1977). According to Allen et al. (1998), the Modified Penman
Equation overestimates ETo in conditions with high winds and low evaporation, but
it offers the best reference ET (ETo) estimates for grass surfaces. The rate of ETo
(mm/day) is calculated with
ETO = c [W Rn + (1 − W )f (u)(V P D)] ,

(2.1)

where c [-] is an adjustment factor compensating for difference in day and night weather
conditions, W [-] is a temperature related weighting factor, Rn (mm/day) is the net
solar radiation in equivalent ET, f (u) [-] is a wind-related function, and VPD (mbar)
is the vapor pressure deficit.
The second method for estimating ET is via satellite remote sensing and meteorological data. Remote sensing provides spatial and temporal coverage of the land surface
(Bisht et al., 2005). NDVI is one of the many products that comes from remote sensing
and it quantifies the density of green vegetation on a plot of land. Comprising imagery
with near-infrared and red spectral bands, NDVI data are useful for monitoring changes
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in vegetation (Lillesand et al., 2008). Due to chlorophyll in the leaves, vegetated areas
absorb visible light and have high near-infrared reflectance. In contrast, non-vegetated
features have high visible light reflectance and low near-infrared reflectance, namely
rocks, bare soil, water, snow, and clouds. Using an equation by Batra et al. (2006),
the ET of the riparian forest can be calculated given
Q=


Rn φ∆
1 − 0.583e−2.13N DV I ,
ρλ(∆ + γ)

(2.2)

where Rn (W/m2 ) is the net solar radiation, φ [-] is the aerodynamic and canopy
resistance parameter, ∆ is the slope of the saturated vapor pressure curve, ρ (kg/m3 )
is the density of water, λ (J/kg) is the latent heat of vaporization of water, γ (kPa/K)
is a psychrometric constant, and NDVI [-] is the normalized difference vegetation
index.
2.4 Methods for Measuring Sap Flow
Several methods have been developed to quantify total plant transpiration by
measuring sap flow. Sap flow refers to the flow of water with dissolved nutrients
transported in the xylem cells of a plant from the roots up to the crown (Tatarinov
et al., 2005). There are three common sap flow techniques: (1) thermal dissipation
probes (TDP), (2) heat pulse velocity (HPV), and (3) tissue heat balance (THB).
2.4.1 Thermal Dissipation Probe Method
The first technique to measure sap flow is the thermal dissipation probe (TDP)
method proposed by Granier (1985). It consists of two cylindrical probes that are
inserted into the tree stem at two vertical locations separated by a fixed vertical
distance. Each probe contains a thermocouple to measure the sap temperature
differential. The upper probe also serves as a constant heat source, while the lower
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probe only acts as a reference probe in order to measure the ambient sap temperature.
Sap flow influences the temperature differential between the two probes by dissipating
the heat released by the heated probe (Lu et al., 2004; Wullschleger et al., 2011). When
sap flow increases, heat dissipation increases and the sap temperature differential
between the two probes decreases (Clearwater et al., 1999).
In a perfect thermal system between the heating probe and its environment (sap
and wood), Granier (1985) assumed that the amount of heat given by the Joule
effect is equal to the amount of heat dissipated from the wall of the probe. On this
basis, Granier (1985) derived a relation between the mean sap flux density, u, and the
measured sap temperature differentials given by

u=α

∆T − ∆Tm
∆T

β
,

(2.3)

where α [L/T] and β [-] are empirical parameters, ∆Tm (◦ C) is the maximum sap
temperature differential between the two probes at zero sap flow, and ∆T (◦ C) is the
sap temperature differential between the two probes at positive sap flow (Granier,
1987). Granier (1985) provided values of α = 119 µm/s and β = 1.231 as they
were determined by calibration on stems of three tree species, namely, Douglas fir
(Pseudotsuga menziesii Hook. & Arn.), black pine (Pinus nigra Arnold), and English
oak (Quercus robur L.). In another study, Cabibel and Do (1991) reported that these
calibrated values of the parameters α and β worked well with other species. ∆Tm is
determined every ten days due to account for possible nocturnal sap flow. Taking
∆Tm every 24 hours will mask nocturnal sap flow and underestimate the total sap
flow of a tree (Lu et al., 2004). After determining the sap flux density [L/T], the
volumetric rate of sap flow [L3 /T] is estimated by measuring the sapwood area [L2 ] of
the tree stem.
Multiple errors are possible with the TDP method. First, sap flow may be
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underestimated if the heated probe is partially inserted into the heartwood (nonconductive xylem). Lack of heat dissipation within the heartwood will increase
the sap temperature differential between the heated and reference probes, and thus
underestimate sap flow. The error in sap flow increases drastically as the proportion
of the heated probe within the heartwood increases. However, Clearwater et al. (1999)
created an equation to correct the sap temperature differential given by
∆T = a∆Tsap + b∆Th ,

(2.4)

where ∆T is a weighted mean of the sap temperature differentials in sapwood (∆Tsap )
and heartwood (∆Th ). The variables a and b are the fractions of the heated probe in
sapwood and heartwood, respectively. Thus a + b = 1. The amount of sapwood and
heartwood in a tree can be estimated by cutting down the tree or using an increment
borer to obtain a core sample. In most cases, the sapwood can be distinguished from
heartwood by variations in color or in transparency due to variations in water content
(Köstner et al., 1998).
A second possible source of error with the TDP method is the installation of the
sap flow probes into the sapwood. The adjacent vessels of the xylem are wounded as
pilot holes are created with a small drill. The experiences of other users have shown
that the probes can be used in the same drill holes for at least one growing season
(Köstner et al., 1998). However, the plant responds to the wound by forming tyloses
over those vessels and reducing the amount of heat reaching the sapwood (Bidlack and
Jansky, 2011; Wullschleger et al., 2011). Thus, the probes may need to be moved into
new drill holes every one to two years (Köstner et al., 1998). In addition, there could
be inadequate contact between the probes and the sapwood due to incorrect drill-hole
sizes (i.e. loose-fitting probes) (Wullschleger et al., 2011). The distance between the
two probes needs to be as small as possible while ensuring the heated probe does not
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affect the reference probe at zero sap flow. However, if the distance is too long, then
natural thermal temperature gradients may increase measurement errors (Lu et al.,
2004).
A third possible source of error with the TDP method is the presence of natural
thermal gradients. Examples of thermal gradients are large air temperature differences,
small rates of sap flow, exposed stands, temperature changes of the water in the
xylem from the roots to above the ground, or substantial solar radiation (Köstner
et al., 1998; Do and Rocheteau, 2002). With the TDP method, natural thermal
gradients are expected to be insignificant in the sapwood. However, Do and Rocheteau
(2002) determined that the natural temperature gradients were seldom insignificant

°

°

(i.e., < 0.2 C): they were 0.3–3.5 C. An example is a “morning peak” in sap flow.
The sap flow quickly rises to improbably high rates immediately after sunrise. This
phenomenon often occurs in trees that are isolated at the edge of a forest stand, where
the lower portions of the main stems are directly exposed to early morning sun and
much of the nearby ground surface lacks shade. Morning peaks also occur when the
probes are installed very close to the soil surface. However, the exact cause of morning
peaks remains unknown. In normal conditions, reflective insulation covers the tree
stem 20–30 cm above and below the probes. Lu et al. (2004) suggests extending the
reflective insulation to the soil surface and cover visible roots in order to prevent
morning peaks.
A fourth possible source of error with the TDP method is the variation in sap flux
density as sapwood depth increases. In most trees, the sap flux density is normally low
in the youngest xylem (closest to the cambium). It increases to its highest potential
farther into the sapwood and then decreases to zero near the heartwood. However,
the variations in sap flux density differ between ring-porous and diffuse-porous trees
(Clearwater et al., 1999; Wullschleger et al., 2011). Ring-porous trees (e.g., Quercus
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spp. and Ulmus spp.) have much larger pores formed in the early wood than in the
late wood. Sap flows primarily through early wood located in the current growth ring
(Swanson, 1994). Diffuse-porous trees (e.g., Acer spp., Alnus spp., and Salix spp.)
have pores with little or no size variation within their growth rings.
A fifth possible source of error with the TDP method is the disregard of nocturnal
sap flow. Nocturnal sap flow is caused by nighttime transpiration and/or water storage
recharge within the tree (Phillips et al., 2003; Daley and Phillips, 2006; Loheide II,
2008; Oishi et al., 2008; Fan et al., 2016). According to Loheide II (2008), if the
tree has a large water storage capacity that has been exhausted throughout the day,
root water uptake by the tree may persist for many hours after the tree has ceased
transpiring in order to refill the water storage of the tree. ∆Tm is defined as the
maximum sap temperature differential when sap flow equals zero (usually before dawn)
over a 24-hour period. However, taking ∆Tm every 24 hours will mask any occurrences
of nocturnal flow, underestimate the true ∆Tm , and underestimate the total sap flow.
To account for nocturnal flow, Lu et al. (2004) recommended to determine ∆Tm over
a period of 7–10 days to prevent underestimation of the true ∆Tm .
There is great uncertainty on the accuracy of sap flow probes taking measurements
in the same position on trees over long periods because most studies of sap flow
take measurements for less than one growing season (eg., Granier et al. (1996) and
Moore et al. (2004)). Moore et al. (2011) continuously measured sap flow for 1.2
years and reported that the mean sap flux density had declined by 30% during the
second growing season. In a fast-growing tree, the probes become embedded as the
vascular cambium produces new phloem and xylem tissue (Moore et al., 2010; Bidlack
and Jansky, 2011). Moore et al. (2004) reported declines in sap flow as probes were
installed deeper into the sapwood. Thus, the embedded probes may underestimate
the sap flux density.
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2.4.2 Alternative Methods
One alternative to the TDP method discussed above is the heat pulse velocity
(HPV) method. The HPV method measures the linear sap flux density within the
sapwood of a tree. There are a couple variations of the method developed by different
authors. However, the most commonly variation uses upstream probes to apply heat
pulses and downstream probes to measure the sap temperature for a certain amount of
time after each heat pulse application. Unlike the TDP method, the HPV method does
not require a reference temperature. This is ideal because natural thermal gradients
will have minimal effects on the measured data. A numerical analysis by Swanson
and Whitfield (1981) showed that the HPV method is less accurate at low sap flux
densities than at high sap flux densities (Schaeffer et al., 2000).
Another alternative method is the tissue heat balance (THB) method. According
to Tatarinov et al. (2005), the THB method is a three-dimensional (volume) heating
process of the tree stem. In contrast, the TDP method is a one-dimensional heating
process. There are a couple variations of the THB method developed by different
authors, but the most common variation was developed by Čermák et al. (1973) and
Kučera et al. (1977). This THB method releases a constant amount of heat into
the sapwood with a set of thin stainless steel plates [L3 /T]. Previous studies showed
disagreements between the results achieved by the THB and TDP methods when
applied to the same trees (Köstner et al., 1998; Clearwater et al., 1999; Tatarinov
et al., 2005).
2.5 Groundwater-Phreatophyte Interactions
In riparian zones dominated by phreatophytic vegetation, hydrographs from wells
screened in the zone of saturation often display a unique repetition of diurnal water
level fluctuations (Butler Jr. et al., 2007), which are produced by phreatophytic
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vegetation that consume groundwater mostly during the day (Loheide II et al., 2005).
These diurnal fluctuations are most notable in wells in the middle of riparian zones
and gradually diminish in wells located farther away from the edges of riparian zones
(Loheide II, 2008). As a result, the water table usually falls during the day immediately
after sunrise until sunset. During this period, solar radiation is available to propel
vegetation transpiration. After sunset, the amount of transpiration from vegetation
declines to zero in most cases. Then, the groundwater level begins to recover and rise as
water flows back to areas where water was extracted through vegetation transpiration.
Although hydrographs only show water recovery at night, water flows both day and
night to areas where vegetation consumed groundwater (Loheide II, 2008).
Several site characteristics affect water table fluctuations including vegetation
density, vegetation type, vegetation size, essence of the root network, and the hydraulic
properties of the subsurface. Groundwater consumption varies spatially because the
health and density of the phreatophytic vegetation can change across the riparian
zone (Butler Jr. et al., 2007). Most evapotranspiration comes from groundwater when
the water table is within a half meter below the ground surface
According to Gribovszki et al. (2008) and Szilágyi et al. (2008), there is a connection between vegetation transpiration, streamflow, and groundwater levels. Streamflow
and groundwater levels are highest in the morning and the lowest in the afternoon,
when vegetation transpiration is at its minimum and maximum rates, respectively.
The exact times of the maximum and minimum steamflow/groundwater levels depend
on the latitude of the location. As shown in Figure 2.2, streamflow and groundwater
fluctuations are similar, but groundwater fluctuations tend to lag behind those of
the streamflow. According to Gribovszki et al. (2010), solar radiation, vapor pressure deficit, and air temperature are typically the main causes for diurnal cycles in
streamflow and shallow groundwater levels. They control the moisture of the soil in
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addition to the uptake, conduction, and discharge of water by vegetation through
daily fluctuations in precipitation, evaporation, snowmelt, and/or freeze–thaw events.
(Shah et al., 2007).

Figure 2.2: Diurnal fluctuations in riparian subsurface groundwater and streamflow
values. Groundwater levels are measured from sea level (excerpted from Gribovszki
et al. (2008)).
2.6 Summary
Riparian forests are some of the most important natural ecosystems in the world.
They provide nutrients and habitat for organisms, filter and trap sediment and
chemicals, and stabilize stream banks. Riparian forests often contain phreatophytes,
which depend primarily on groundwater for long-term survival. Their roots extend
to the water table or capillary fringe. At Swanton Pacific Ranch, the location of
this study, the three most common trees (red alders, arroyo willows, and pacific
willows) are phreatophytes. As facultative phreatophytes, red alders grow in areas
with high groundwater tables or upland areas with ample soil moisture. As obligate
phreatophytes, arroyo and pacific willows both require contact with a perennial
groundwater source.
Evapotranspiration comprises two subproccesses: transpiration and evaporation.
Meteorological variables that affect both transpiration and evaporation include solar
20

radiation, air temperature, relative humidity, and wind speed. Nocturnal transpiration
is typically considered negligible due to lack of solar radiation, but multiple studies
have shown nighttime water uptake by plants to recharge their water storage. One of
the most common methods used to quantify total plant transpiration is the thermal
dissipation probe (TDP) method. Comprising a heated probe and a reference probe,
this method measures the sap temperature differential in order to determine sap flow.
The method is simple to use, but there are possible errors.
Two common methods to estimate ET are the Modified Penman Equation and a
NDVI equation with meteorological data. The Modified Penman Equation estimates
the reference ET for perennial grass surfaces, while the NDVI/meteorological equation
uses weather and the greenness of the riparian vegetation to estimate riparian forest
ET. These two methods will be compared to riparian forest ET determined with sap
flow measurements from this thesis.
Groundwater consumption by phreatophytic vegetation within riparian zones
has been shown to produce diurnal fluctuations in streamflow and the water table.
Streamflow and groundwater are at their peak levels in the morning and their lowest
levels in the afternoon. Plant transpiration causes diurnal fluctuations in groundwater
consumption, which in turn causes diurnal fluctuations in groundwater and streamflow.
Sap flow measurements and groundwater fluctuations can be critical components
for estimating groundwater consumption by riparian forest phreatophytic vegetation.
Current riparian forest ET data contains much uncertainty in seasonal and longterm (decadal) scales given the focus on diurnal fluctuations (Goodrich et al., 2000;
Scott et al., 2000). Many parties who have interests on streamflow requirements
and groundwater withdrawal limitations will benefit from the results of this thesis,
including natural resource management and protection agencies, private landowners,
agriculture industry, and environmental consulting firms. The new information will
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lead to more sustainable approaches for allocating groundwater in riparian forests
environments for aquatic resources management, agriculture, and forest health. The
following chapters of this thesis provide a description of the study site and the study
methodology. The results of the study are then presented followed by their discussion,
which in turn is followed with conclusions from the study.
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CHAPTER 3: EXPERIMENTAL SITE
3.1 Description
The study reported in this work was conducted at Swanton Pacific Ranch, a
1,295-hectare (3,200-acre) property owned by the Cal Poly Corporation and managed
by the College of Agriculture, Food, and Environmental Sciences (CAFES). The ranch,
located along the Pacific coast in Santa Cruz County, California, approximately 84 km
south-southeast of downtown San Francisco and 18 km northwest of Santa Cruz, is
primarily an educational and research facility. The ranch lies within the Scotts Creek
watershed, which is 76 km2 in areal extent with the main stem of the creek starting
to the northeast in the Santa Cruz Mountains within the Southern Coast Range. The
creek flows southward and nearly parallel to the coast for approximately 19 km before
emptying into the Pacific Ocean. The specific site for sap flow measurements is located
on the floodplains of lower Scotts Creek. The site lies within a 11.3-ha study area
that includes 9.2 ha of riparian of forest, which is bounded to the north and south by
two tributaries, namely Archibald Creek and Queseria Creek, respectively.
The study area was selected because of the adjacent agricultural croplands, particularly when the primary source of water for irrigation comes from groundwater
abstraction. Approximately 24 ha of agricultural croplands within the southern portion
of the Scotts Creek watershed are leased to a commercial organic farm operated by
Jacobs Farm/Del Cabo. Over 15 ha of these agricultural croplands are adjacent to
the study area. Parts of the Swanton Valley have been used for farming for nearly
100 years, including the fields adjacent to the study area. A map of the watershed
and study area is shown in Figure 3.1.
The study site was also selected because the watershed is an important habitat for
various sensitive species, including Coho salmon (Oncorhynchus kisutch), Steelhead
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Figure 3.1: A map (adapted from Pritchard-Peterson (2018)) of the Scotts Creek
watershed, Swanton Pacific Ranch, and the riparian forest study area. The map shows
the location of the instrumented phreatophytes, survey plots, and piezometers.
trout (Oncorhynchus mykiss), red-legged frog (Rana aurora), and tidewater goby
(Eucyclogobius newberyi ). Coho salmon are a federally-endangered species in the U.S.
Endangered Species Act (ESA) and the Scotts Creek watershed is the most southern
Coho salmon habitat in North America. Steelhead trout are a federally-threatened
species and also inhabit the watershed (Marston, 1992; Snider et al., 1995).
The climate of the region is Mediterranean, with warm, mostly dry summers
and cool, wet winters. According to meteorological data collected by the California
Irrigation Management Information System (CIMIS) automated weather station (104
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De Laveaga) in Santa Cruz, the mean summer air temperature highs are 24 C and
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mean winter air temperature lows are 5 C. Based on precipitation data collected by the
staff at Swanton Pacifc Ranch since 1997, the rainy season is typically from October
through April, with an average yearly precipitation of 975 mm and an average of 193
mm occurring in January. Even during the recent prolonged drought in California
from December 2011 to March 2019, the average yearly precipitation was 945 mm.
The average yearly precipitation over the duration of this study (August 2017 through
August 2019) was 855 mm. Streamflow in Scotts Creek is typically very low in the
summer (≤ 0.1 m3 /s). During the winter, peak flows are typically 20–70 m3 /s, based
on data from the Scotts Creek stream gauge below the confluence of Scotts Creek and
Archibald Creek.
Geologically, the watershed lies between the San Gregorio and San Andreas faults,
with its surface dominated by Santa Margarita Sandstone, Santa Cruz Mudstone, and
granitic rock outcrops. The upper portion of the watershed is underlain with granitic
bedrock and Santa Margarita Sandstone, while the lower portion of the watershed
consists of Santa Cruz Mudstone bedrock and alluvium from previously mentioned
rock sources (Akers and Jackson, 1977). Santa Margarita Sandstone (Miocene) is a fine
to course-grained sandstone and is poorly consolidated where exposed at the surface.
According to Akers and Jackson (1977), this sandstone makes for the best aquifer
material in the region because of relatively high well pump rates (13–25 L/s), meaning
that it can be used for small domestic and light industrial demands. The quality of
water that comes from unconfined aquifers of this sandstone is usually adequate for
domestic use. The groundwater quality from confined aquifers is not known. The
sandstone breaches the ground surface as a narrow band between the coastline and
Ben Lomond Mountain from the city of Santa Cruz to San Mateo County.
Santa Cruz Mudstone (late Miocene) is a siliceous mudstone that is usually
fractured at the ground surface. It is exposed along the coastline from the city of
25

Santa Cruz to San Mateo County. Groundwater wells within the mudstone pump
less than 2.5 L/s, thus it is only adequate for small domestic demands. However,
groundwater quality is marginal or poor, hence the water is usually not suitable for
domestic use. Granitic rocks (Cretaceous and Jurassic) include granite, adamellite,
quartz diorite, and some gabbro. Most of the wells in the area yield less than 1.3 L/s.
Ben Lomond Mountain is composed of uplifted granitic and metamorphic basement
rocks (Akers and Jackson, 1977).
3.2 Riparian Vegetation
The riparian corridor within the study area is 70–140 meters wide with canopy
coverage that often approaches 100% during the growing season (Cook, 2016). The
dominant trees along the lower portion of the Scotts Creek watershed are red alders
(Alnus rubra Bong.), arroyo willows (Salix lasiolepis Benth.), and pacific willows (Salix
lasiandra Benth. var. lasiandra). Other trees include box elder (Acer negundo L.),
bigleaf maple (Acer macrophyllum Pursh.), California bay laurel (Umbellularia californica (Hook. & Arn.) Nutt.), and coastal redwoods (Sequoia sempervirens (D. Don)
Endl.) (Cook, 2016; Louen, 2016; West, 2016; Pritchard-Peterson, 2018). Common understory vegetation includes California blackberry (Rubus ursinus Cham. & Schltdl.),
stinging nettle (Urtica dioica subsp. gracilis L.), poison hemlock (Conium maculatum
L.), Cape ivy (Delairea odorata Lem.), Italian thistle (Carduus pycnocephalus L. subsp.
pycnocephalus), and western poison oak (Toxicodendron diversilobum (Torr. & A.
Gray) Greene) (Cook, 2016; Louen, 2016; West, 2016). Typical vegetation in the
riparian corridor along lower Scotts Creek is shown in Figure 3.2.
There are numerous age classes of red alders along lower Scotts Creek due to
flooding events in 1940, 1955, 1982, and 1998 (Dietterick, 2015; Auten, 2019). During
these events, the high water flow formed debris jams, scoured the stream banks,
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removed riparian vegetation, topped the levee, flooded the adjacent agricultural fields,
and reentered the creek at numerous locations downstream (Scrudato, 2010). As
previously mentioned, red alders favor sites with bare mineral soil and high sun
exposure that were disturbed by floods, windthrows, logging, or fires (Worthington
et al., 1962; Fowells, 1965).

(a)

(b)

(c)

Figure 3.2: Typical vegetation, including phreatophytic trees and understory, in the
study area within the lower Scotts Creek riparian corridor in (a) June 2017, (b) June
2018, and (c) January 2019, respectively.
As mentioned in the literature review, phreatophytes are plants that utilize groundwater as their main source of water and have their root systems submerged in the
saturated zone (Robinson, 1958). The phreatophytes documented within the study
area, including red alders, arroyo willows, pacific willows, box elders, and bigleaf
maples, are all deciduous. They typically lose their leaves in November/December
and their leaf buds burst in early March. They maintain maximum leafage for most of
the spring, summer, and fall growing seasons. Red alders, arroyo willows, and pacific
willows are common occurrences across the entire study area. Box elders, on the other
hand, occur primarily on the west side of the creek within the northern section of the
study area, upstream of the confluence of Scotts Creek and Archibald Creek. Bigleaf
maples and California bay laurels are sparsely scattered throughout the study area.
There is a small plantation of coastal redwoods in the northwest portion of the study
area in addition to sparsely scattered redwoods throughout the rest of the study area.
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3.3 Site Groundwater Hydrology
Groundwater in the floodplain is in an alluvial aquifer that was determined
by Pritchard-Peterson (2018) to be weakly connected to surface flows in Scotts
Creek. Prior investigations at the site, including detailed drilling and sampling of the
subsurface to depths of about 9 m, indicate that the aquifer is a leaky confined system
bounded below by fractured Santa Cruz Mudstone, and above by a thin clay/silt low
permeability aquitard layer. The aquitard was found to be laterally continuous where
it was encountered in all 18 exploratory direct-push boreholes drilled at the site and
as documented by Pritchard-Peterson (2018). The water table within the aquitard
was encountered 2.4–2.7 m below the ground surface in most boreholes. Additional
drilling to the east and north (beyond the Apple Orchard) of the site as part of the
current study, as well as near-surface electrical resistivity surveys, support this finding
that the shallow low permeability aquitard is pervasive and laterally extensive. Figure
3.3 shows the groundwater conceptual model on lower Scotts Creek.
Laboratory permeameter tests and field pumping tests conducted during the work of
Pritchard-Peterson (2018) showed that the confined aquifer is leaky, and the overlying
aquitard that forms the base of the stream is about three-orders of magnitude less
permeable than the aquifer. The aquifer is primarily coarse unconsolidated sands and
gravel with hydraulic conductivity values of K = 3×10−4 m/s. Though the stream and
the aquifer are separated by the aquitard, appreciable leakage across this intervening
layer is known to occur as evidenced by departure of the transient drawdown response
of the aquifer from the ideal behavior predicted by the classical solution of Theis
(1935). The results of the study of Pritchard-Peterson (2018) also showed that nearly
20% of groundwater abstracted by agricultural wells may be attributed to stream
depletion, which is induced by leakage across the aquitard.
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Riparian Forest

Figure 3.3: A schematic (adapted from Pritchard-Peterson (2018)) of the groundwater
conceptual model on lower Scotts Creek.
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CHAPTER 4: METHODOLOGY

In order to accomplish the objectives of the present study, a field methods approach
was adopted. The methods used include (1) installation of thermal dissipation
probes (sap flow probes) in select phreatophytes, (2) vegetation surveys focusing
on phreatophytes, (3) measurement of sapwood area, and (4) passive monitoring of
groundwater. These data were then used to obtain estimates of the evapotranspiration
(ET) flux of the riparian forest along lower Scotts Creek. In the following sections,
detailed descriptions of the theoretical basis and measurement approach for sap flow
in instrumented trees, the extrapolation approach to the entire riparian forest, and
the measurement method for groundwater fluctuations are provided.
4.1 Theoretical Basis
Sap flow was measured with TDP Sap Velocity Probes (Dynamax, Houston, TX),
similar to probes proposed by Granier (1985). Each probe contained a thermocouple to
measure the sap temperature differential. The upper probe was also heated constantly
at 0.2 Watts, while the lower probe only measured the ambient sap temperature. The
sap temperature differential between the two probes was used to determine the sap
flux density [L/T]. The volumetric rate of sap flow in a given tree, F [L3 /T], is defined
as
F = uSA ,

(4.1)

where SA is the cross-sectional area of the sapwood [L2 ] at the location of the heating
probe, and u is the mean sap flux density [L/T], which is computed using a power-law
relation from Granier (1987), viz.,
u = αK β ,
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(4.2)

where α [L/T] and β [-] are empirical parameters, K = (∆Tm − ∆T )/∆T , commonly
referred to as the flow index, ∆Tm is the maximum sap temperature differential
between the two thermocouples at zero sap flow and ∆T is the sap temperature
differential at positive sap flow (Granier, 1987). Granier (1987) suggested values of
α = 1.19 × 10−4 m/s and β = 1.231 for which Equation (4.2) yields values of the mean
sap flux density, u, with units of m/s. The maximum sap temperature differential
∆Tm was determined every 10 days to account for nocturnal sap flow. Using values
of ∆Tm every 24 hours could mask nocturnal sap flow and underestimate the total
sap flow of a tree (Lu et al., 2004). Equation (4.2) fully defines the computation
used in this work to determine the volumetric sap flow rate. It is also common in
the literature to report sap flow in terms of mass sap flux density given by û = ρu
[ML−2 T−1 ], where ρ is the density of the tree sap. For this work, it is sufficient to
assume ρ = 1000 kg/m3 , the density of water. When the mass sap flux density, û, is
used, Equation (4.1) then yields a mass sap flow rate [M/T].
In addition to sap temperature differentials measured with thermocouples, determination of the volumetric sap flow rate using Equation (4.1) requires knowledge of
the sapwood area, SA , which, for a given tree, can be calculated by using an equation
from Oishi et al. (2008), viz.,
SA = πdDsap (1 − ) ,

(4.3)

where d is the tree stem diameter at breast height (DBH),  = (2DB + Dsap )/d, and
DB and Dsap are bark thickness and sapwood depth, respectively. Equation (4.3)
assumes the main stem of a tree is a perfect circle. In the following sections, instrument
installation to determine u and the riparian vegetation survey to determine SA are
described.
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(a)

(b)

(c)

Figure 4.1: (a) Probes installed in the tree with plastic putty, (b) foam quarter-spheres
protects the probes and electrical wiring, and (c) reflective bubble insulation protects
probes from solar radiation.
4.2 Sap Flow Probe Installation
For the present study, four common phreatophytes were selected based on their
stem diameters (7.6–12.7 cm) and their proximity (less than 33 m) to the data logger.
The location of the sap flow probe area is shown on the site map in Figure 3.1. One
pair of probes was installed in each tree. The installation procedure involved removal
of the outer bark at a chosen location, 1.22–1.45 m above the ground, to minimize
effects of temperature gradients due to fluctuations in water temperature following
uptake by tree roots. Two pilot holes, 40 mm apart vertically, were then bored into
the tree stem to depths of 30 mm using a 0.059-inch diameter drill bit. The pilot holes
and drill bit were flushed with 10% chlorine bleach prior to and after boring the holes
in each tree to minimize the introduction and spread of pathogens. The probes were
then carefully inserted into the bore holes and adhesive putty was applied around the
base of each probe to provide a water-tight seal. Foam quarter-spheres were placed on
both sides of the probes for thermal insulation and to protect the electrical wiring.
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Reflective bubble insulation was wrapped around the probes, foam blocks, and tree
stem to prevent thermal gradients caused by direct solar radiation. Saran wrap was
wrapped around the tree stem and upper portion of the reflective bubble insulation to
prevent water from contacting the probes. Figure 4.1 shows the different pertinent
stages of the probe installation into the trees at the site.

(a)

(b)

(c)

Figure 4.2: Field installation of the (a) concrete pad for (b) the tower on which (c)
the data logger is mounted for continuous sap flow monitoring.
The 30-mm long probes were part of the FLGS-TDP XM1000 sap velocity system
(Dynamax). The system also included a CR1000 Measurement and Control Datalogger
(Campbell Scientific, Logan, UT, USA) and a AM16/32 relay multiplexer (Campbell
Scientific) that were housed inside a weather-resistant enclosure for protection against
weather and wildlife (Figure 4.2c). The data logger and solar panel were mounted on
a 10-ft UT10 aluminum tower (Campbell Scientific) in a canopy gap (Figure 4.2b).
The tower was secured in an 8-ft3 concrete pad with a J-bolt kit for stability during
rough weather and flooding (Figure 4.2a). Probe cords were placed inside 1.0-inch
diameter Schedule 40 PVC pipes and installed approximately 30 cm underground for
protection against weather, flooding, and wildlife (Figure 4.3a). The pipe openings
were covered with duct seal putty (Gardner Bender), as shown in Figure 4.3b, to keep
out moisture.
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(a)

(b)

Figure 4.3: (a): Probe cords placed in PVC pipes for protection, and (b): pipe opening
covered by duct seal putty.
Upon completion of probe installation and mounting the data logger to the tower,
sap temperature differentials were recorded at one-minute intervals and their averages
were recorded every 15 minutes. The data were downloaded from the data logger
every two months. Communication, programming, and data extraction between
the data logger and a Windows PC were facilitated by PC400 Datalogger Support
Software (Campbell Scientific). A sap flow computation sheet (provided by Dynamax),
lightly modified to implement the equations outlined above, was used to calculate the
volumetric rate of sap flow.
4.3 Measurement of Tree Stem Diameter and Sapwood Depth
According to Equation (4.3), determination of the sapwood area, SA , requires
knowledge of tree stem diameters, d, and sapwood depth, Dsap . Hence, for this work,
tree stem diameter at breast height (d = DBH) was measured for all woody vegetation
greater than 0.025 m in diameter in each of the six representative sample plots. For
this work, the breast height used was 1.37 m. The stem diameters were measured
manually with a standard English diameter tape. The tree diameter tape is based on
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the assumption that tree stems are perfect circles such that d = C/π, where C is tree
stem circumference. Within each plot, the number of species and number of trees for
each species were also recorded.
Whereas tree stem diameter was measured for all woody vegetation in each of
the sample plots, sapwood depths, Dsap , were measured from cores extracted from
a small representative subset of the riparian phreatophytic trees within each plot.
A stratified random sampling design was used to estimate phreatophytic vegetation
composition. Woody vegetation was sampled in six random 400-m2 plots within the
riparian corridor. Environmental Systems Research Institute’s (ESRI) ArcMap 10.7
and Microsoft Excel were used to determine the locations of these random plots. First,
a fishnet with 20-m × 20-m sections was laid over the study area in ArcMap. Then,
random sections were chosen with Microsoft Excel. The coordinates of each plot’s
northwest corner were programmed into a Trimble Geo 7x handheld GPS for locating
in the field. The locations of the remaining three corners for each plot were determined
with an open reel measuring tape and a compass.
To measure Dsap , wood cores were extracted at breast height (1.37 m) from select
phreatophytes using an increment borer (Haglöf Sweden AB) within each plot (Figure
4.4a). To disconnect the core from the tree, the auger was rotated 180◦ . Thus, the
core was upside down when extracted from the tree. The bark thickness, sapwood
depth, and heartwood/pith radius of each core were measured in the field with a ruler.
In most tree species, the sapwood’s lighter color makes it simple to distinguish from
the heartwood. However, in some species (e.g., red alders and arroyo willows), there
is very little color difference between the sapwood and heartwood (Kutscha and Sachs,
1962). To determine the sapwood depth, Dsap , wood cores were stained with a 0.2%
safranin aqueous solution (see Appendix E for Standard Operating Procedures). With
the core still in the extractor, the dye was applied to it in a series of continuous drops
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with a small pipette (Figure 4.4b). It was important to apply the dye immediately
after coring because the vessels lose uptake pressure (Moore and Aparecido, 2019).
Different rates of dye absorption revealed the sapwood and heartwood boundaries.
According to Bamber (1987), the dye is absorbed more easily by sapwood than by
heartwood.

(a)

(b)

Figure 4.4: Images of (a) tree boring from which a (b) core was extracted.
4.4 Determination of Sapwood Area for Riparian Forest
As mentioned above, the sapwood depth of phreatophytic trees in each plot was
measured in only a subset of the trees on the plot. Here, we outline the approach used
to estimate the sapwood depths, Dsap , and the sapwood areas, SA , of the non-cored
trees. Sapwood depth is defined as simply the difference between tree radius, d/2, and
the sum of bark thickness, DB , and heartwood/pith radius, DH , viz.,
Dsap =

d
− DB − DH .
2

(4.4)

Hence, to determine the sapwood areas of non-cored trees, one needs to estimate
bark thicknesses and heartwood/pith radii for all the non-cored trees of each species.
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Estimates of bark thickness DB for non-cored red alders and willows were both
obtained using an exponential relation from Oishi et al. (2008), viz.,
DB = âeb̂d ,

(4.5)

where â and b̂ are empirical parameters determined using data from cored trees.
Estimates of heartwood/pith radii for non-cored red alders were obtained using an
exponential relation, viz.,
DH = ãeb̃d ,

(4.6)

DH = ad + b,

(4.7)

whereas for willows, viz.,

where a, ã, b, and b̃ are empirical constants determined using data from cored trees.
For cored trees, the measured bark thicknesses and heartwood/pith radii were plotted
against the measured stem diameters. Best fits of the linear or exponential models
given in Equations (4.5) to (4.7) above were obtained to determine the values of the
empirical parameters a, â, ã, b b̂, and b̃. With the empirical constants thus determined,
Equations (4.5) to (4.7) were then used to estimate values of DB and DH for the
non-cored trees.
Sapwood area is a measure of the actual tree stem area through which water
extracted from the subsurface flows on its way to be transpired to the atmosphere
from the canopy. The sapwood areas of all phreatophytic trees in the six sample plots
of the riparian forest were used to estimate the sapwood basal area (m2 /ha), Asap,k ,
for each phreatophytic species over the riparian forest within the study area using an
equation modified from Avery and Burkhart (2002), viz.,
Asap,k

Np
1 X (k)
S
Ap n=1 A,n,p

M
1 X
=
M p=1
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!
,

(4.8)

where M is the number of sample plots, Np is the number of trees of k th species in
(k)

the pth sample plot, Ap is the forest floor area of the pth sample plot, and SA,n,p is
the sapwood area of the nth tree of the k th species in the pth plot. In this work, the
area of each of the six (M = 6) sample plots in which trees were counted and core
samples collected, was fixed at Ap = 400 m2 . The total sapwood area, SA,k , of a given
phreatophytic species over the entire riparian forest within the study area was then
estimated as
SA,k = Arf Asap,k ,

(4.9)

where Arf is the measured total ground area of the forest. For this study, Arf = 9.2
hectares. The total riparian forest sapwood area determined with this equation was
then used to estimate the evapotranspiration of the riparian forest as outlined in the
following section.
4.5 Estimation of Riparian Forest Evapotranspiration
Sap flow data from the four instrumented trees were extrapolated to the riparian
forest within the study area in order to estimate the ET of the forest. First, the ET
from each instrumented tree was calculated based on the areal extent of its canopy
(Schaeffer et al., 2000). The canopy extent of each instrumented tree was determined
with a Trimble Geo 7x GNSS handheld. In ArcMap, the GPS points of each tree
were connected to create a polygon that represented the areal extent of the canopy. A
modified version of an equation from Moore et al. (2004) was used to calculate ET
above the riparian corridor canopy, viz.,
N
1 X
ET =
uk SA,k ,
Acp k=1
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(4.10)

where N is the number of tree species, uk and SA,k are, respectively, the mean sap
flux density and total sapwood area of the k th phreatophytic species across the entire
riparian forest, and Acp is the combined canopy areal extent of all phreatophytic
species in the riparian forest. For simplicity, arroyo and pacific willows are treated
as one species for this study such that the number of species was N = 2 (red alders
and willows). This was necessitated by the fact that only one willow (arroyo) was
instrumented.
The ET of the riparian forest estimated from sap flow data was compared to ET
estimates based on normalized difference vegetation index (NDVI) and meteorological
data, and to reference ET (ETo) in the general vicinity of the study area. The ETo
data set consisted of hourly ET data reported by the California Irrigation Management
Information System (CIMIS) automated weather station (104 De Laveaga), located 21
km from the study area and on the DeLaveaga golf course in Santa Cruz. The station
uses the CIMIS version of the Doorenbos and Pruitt (1977)-modified Penman (1948)
Equation to calculate ET from a standardized grass surface that is well-irrigated and
closely cut, while completely shading the soil.
NDVI and meteorological data were used to calculate the ET of the riparian
forest with Equation (2.2). The NDVI data were taken from weekly EROS Moderate
Resolution Imaging Spectroradiometer (eMODIS) composite sets at 250-m × 250-m
spatial resolution (Jenkerson et al., 2010). The weighted average NDVI value of the
entire study area each week was calculated in ArcMap by determining the percentage of
study area within each pixel. The original NDVI values ranged from 0 to 200 and were
modified to be between -1 and 1 for use in Equation (2.2). Required meteorological
data comprised air pressure, air temperature, and solar radiation. Two sets of these
data were taken from two separate weather stations (CIMIS De Laveaga and Weather
Underground) within the general vicinity of the study area in order to compare sap
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flow based-ET to separate areas with slightly different weather patterns. The second
station was a Weather Underground (WU) weather station (KCADAVEN7), located 5
km from the study area and on the roof of Pacific Elementary School in Davenport.
The meteorological data of each weather station were averaged over the same weeks
as the eMODIS composite sets.
4.6 Groundwater Monitoring
Five of the existing 13 piezometers, installed during site investigations by PritchardPeterson (2018), and one irrigation well (Pump House well) were utilized for measuring
changes in groundwater levels for this study. Vented pressure transducers (INW PT2X
Smart Sensor) were installed at depths 3–5 m in piezometers to continuously monitor
changes in groundwater levels every 15 minutes over the course of the study (Figure
4.5). The locations of the piezometers and the irrigation well are shown on the site
map in Figure 3.1.

(a)

(b)

Figure 4.5: (a) An INW PT2X pressure transducer (b) monitors the groundwater
fluctuations inside piezometer PHP-1 within the lower Scotts Creek riparian corridor.
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CHAPTER 5: RESULTS

In this chapter, the results of the phreatophytic vegetation survey, sapwood area
measurements and calculations, long-term sap flow monitoring and predictions of total
ET for the riparian forest, and ET-induced groundwater fluctuations are presented.
As stated previously, the objective of the work was to estimate riparian forest ET from
sap flow measurements collected in a small sample of phreatophytes that represent
the predominant vegetation of the riparian corridor. The ET estimates were based on
estimates of the total sapwood area for the entire riparian forest as well as its canopy
areal extent. Estimates of sapwood basal area were based on measured tree stem
diameters at breast height (DBH) and wood cores in six sample plots scattered across
the riparian forest within the study area.
5.1 Phreatophytic Vegetation Survey and Sapwood Area
A total of 159 trees were surveyed in the six sample plots, with 153 of them being
phreatophytes. They comprised 83 red alders, 61 arroyo willows, 9 pacific willows,
and 6 coastal redwoods. The survey comprised direct measurements of DBH using
diameter tape. Sapwood depths were measured directly in a subset of the surveyed
phreatophytes by wood coring. Coastal redwoods are not considered phreatophytes,
and thus were excluded from the calculations for the total sapwood area of the
riparian forest. The survey results, including averages and standard deviations of
DBH and sapwood area, are summarized in Table 5.1. The values in parentheses
are for the subsamples that were selected for coring to obtain direct measurements
of bark thickness and heartwood/pith radius for sapwood area estimation. Sapwood
areas were difficult to calculate, and these are our best estimates. Multiple cores were
extracted on some trees because the heartwood and/or piths were difficult to sample.
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Larger trees were especially difficult to sample due to irregularities in radial growth of
tree stems. The poor surface quality of the cores and the small differences in color
between early wood and late wood made determining the age of trees challenging.
Wood cores from young, small red alders (less than 35.6-cm DBH) consistently showed
only bark, sapwood, and piths, which agree with Moore et al. (2011) because red
alders need to be very mature to develop heartwood.
Table 5.1: Statistics of surveyed phreatophytes within the six sample plots. The
values in parentheses indicate the subsamples that were selected for coring to obtain
direct measurements of bark thicknesses and heartwood/pith radii for sapwood area
estimation.

Species
Red Alder
Arroyo Willow
Pacific Willow

n
83 (24)
61 (16)
9 (6)

DBH (cm)
µdbh
σdbh
20.9 (31.6) 15.0 (17.0)
11.6 (19.6)
7.5 (6.6)
27.5 (28.6) 10.4 (11.5)

Sapwood Area (cm2 )
n
µsa
σsa
23 734.0
543.1
14 318.4
140.7
5 526.2
347.7

Histograms of the measured diameters at breast height for all surveyed phreatophytes are shown in Figure 5.1. Probability density functions are also included for
completeness. The analysis was conducted with Minitab 19. The arroyo willows and
pacific willows were analyzed as one composite group due to their small sample sizes
(61 and 9, respectively). Also, there were no probability density functions that fit
the separate data sets within a 95% confidence interval. Based on a 95% confidence
interval, there was evidence that the data could be characterized by the Weibull
(p = 0.090 for willows and p > 0.250 for red alders) and lognormal (p = 0.079 for
willows and p = 0.214 for red alders) distributions. When the red alders and willows
were analyzed as one composite phreatophytic vegetation group, they appeared to
follow gamma (p = 0.182) and Weibull (p = 0.087) distributions based on a 95%
confidence interval. All probability density functions showed positive skewness.
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Figure 5.1: Histograms of measured tree stem diameters at breast height (DBH) for
all phreatophytes, red alders, and willows within the six sample plots.
For cored samples, the dye droplet method was used to determine the boundary
between sapwood and heartwood. The dye was applied to every core immediately
after extraction from the tree but yielded mixed results depending on the quality
of the wood cores and the tree. On some cores, especially those from small trees,
the sapwood absorbed the dye immediately. On cores from older trees, the distinct
heartwood absorbed the dye at very slow rates. There were multiple instances where
sapwood and heartwood could not be distinguished from each other based on dye
absorption. In these cases, changes in color and/or texture were used to determine the
sapwood/heartwood boundary. Overall, determining the boundary between sapwood
and heartwood was very difficult, even with the dye droplet method.
Figure 5.2 shows the relationships of bark thicknesses and heartwood/pith radii to
DBH from cored trees for red alders, arroyo willows, and pacific willows within the
six sample plots. Table 5.2 is a summary of the best fit parameters for Equations
(4.5) to (4.7), which relate bark thickness and heartwood/pith radius to DBH for each
species. The best fit relationships between bark thickness and DBH of the arroyo and
pacific willows were exponential functions. Although a linear function best defined
the relationship between heartwood/pith radius and DBH of the red alders, it was not
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used due to predicted values of zero for bark thicknesses of smaller trees. The sample
sizes are smaller for estimating heartwood/pith radii than those for estimating bark
thicknesses because the heartwood/pith radii were not attained from a few trees.
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(c)

Figure 5.2: Plots showing the relationships of bark thicknesses and heartwood/pith
radii to DBH from cored trees for (a) red alders, (b) arroyo willows, and (c) pacific
willows within the six sample plots.

Table 5.2: Model parameters for the best fit developed from wood core data within
the six sample plots to estimate bark thickness and heartwood/pith radius based on
DBH.
Bark Thickness

Heartwood/Pith Radius

Species

n

f (x)

â

b̂

R2

n

f (x)

a, ã

b, b̃

R2

R-Alder

24

Exp

0.220

0.030

0.698

23

Exp

0.067

0.050

0.241

A-Willow

16

Exp

0.194

0.041

0.674

16

Linear

0.192

-2.214

0.454

P-Willow

6

Exp

0.331

0.042

0.690

5

Linear

0.045

0.207

0.333

Figure 5.3 shows histograms of cored main stem sapwood areas for red alders, arroyo
willows, and pacific willows from the six sample plots. Only empirical distributions
are shown here. An attempt was not made to fit the data with probability density
functions due to the relatively small sample sizes.

44

15

10

5

0
0.00

0.04 0.08 0.12
Sapwood Area (m 2 )

0.16

15

Red Alders
Number of Trees

All Phreatophytes
Number of Trees

Number of Trees

15

10

5

0
0.00

0.04 0.08 0.12
Sapwood Area (m 2 )

0.16

Willows

10

5

0
0.00

0.04 0.08 0.12
Sapwood Area (m 2 )

0.16

Figure 5.3: Histograms of measured main stem sapwood areas for all phreatophytes,
red alders, and willows within the six sample plots.

As mentioned previously, the sapwood areas of all phreatophytes in the six sample
plots of the riparian forest were used to estimate the sapwood basal area (m2 /ha),
Asap,k , for each phreatophytic species within the study area using Equation (4.8).
Then, the total sapwood area (m2 ), SA,k , of a given tree species over the entire riparian
forest within the study area was estimated with Equation (4.9). Table 5.3 summarizes
the sapwood basal area and sapwood area estimates.
Table 5.3: Estimated sapwood basal area, Asap,k , and total sapwood area, SA,k , for
each phreatophytic species across the riparian forest within the study area.
Species
Red Alder
Arroyo Willow
Pacific Willow

n
83
61
9

Asap,k (m2 /ha)
16.4
3.3
2.1

SA,k (m2 )
150.5
30.3
19.3

5.2 Sap Flow Measurements
Sap flow data were collected on only four sample phreatophytic trees comprising
an arroyo willow and three red alders, located 45–50 m from Scotts Creek, due to
their ubiquity in the riparian corridor and project budgetary constraints. The four
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instrumented trees were continuously measured at one-minute intervals and averaged
every 15 minutes for 618 consecutive days from August 18, 2017 through April 26,
2019. The data logger exceeded memory capacity and recorded over data from April
27 through May 11, 2019. Then, sap flow monitoring continued for 105 consecutive
days from May 12, 2019 through August 24, 2019. The sap flow probe inside red alder
1 failed on August 24, 2019 before midnight, and thus ended two consecutive years of
continuous sap flow monitoring.
The temporal sap flow data collected during the two-year monitoring period of the
four instrumented trees are shown in Figure 5.4. The daily maximum air temperatures
and daily mean solar radiation over the same monitoring period are included to
highlight the seasonality of the observed behavior. Seasonality is clearly evident in the
sap flow data with periods of high sap flow generally coinciding with spring, summer
and fall seasons, interspersed with periods of minimal flow in winter seasons. The
spring–fall period is the period of active growth, with leafage increasing to summer/fall
maxima. The instrumented phreatophytes were deciduous, losing leaves in late fall,
with complete leaf loss deep in the winter months of dormancy. Fall, winter, spring,
and summer seasons are marked clearly on the figures to highlight their correlation to
periods of significant sap flow change. Specifically, the active and dormancy periods
of all four trees clearly follow the spring equinoxes and winter solstices (Figure 5.4).
Sap flow peaked in the arroyo willow in early July 2018 and early June 2019.
It was dormant from early January 2018 to early March 2018, and mid-December
2018 to mid-March 2019. It also showed a similar sap flow pattern to red alder 1 by
mid-December 2018. Its sap flow pattern returned to normal by mid-March 2019.
Mean peak sap flow in red alders occurred in early July 2018 and early June 2019.
In general, the red alders were dormant from December to mid-March. Red alder 1
was dormant from early November 2017 to mid-March 2018 and mid-November 2018
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Figure 5.4: Daily total sap flow of the four instrumented trees, CIMIS daily maximum
air temperature, and CIMIS daily mean solar radiation over the monitoring period.
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to mid-March 2019. Red alder 2 was dormant from December 2017 to late March
2018 and late November 2018 to late March 2019. Red alder 3 was dormant from
late December 2017 to late March 2018 and mid-December 2018 to mid-March 2019.
These results generally agree with Moore et al. (2011), whose red alders were dormant
during the winter period, though the period of dormancy is appreciably longer in
Oregon, extending from October through March.
Close-ups of the diurnal sap flow for selected weekly periods in all four seasons
are shown in Figure 5.5. Some particularly interesting behaviors include numerous
instances of morning peaks displayed by the data as well as winter sap flow activity.
Morning peaks were particularly evident in the fall of 2017, late spring 2018, first
half of summer 2018, and summer 2019 for red alders 3 and 4, and appear to be
attributed to direct incident solar radiation on the probes of the trees (Figure 5.5a).
The reflective bubble insulation that was wrapped around the trees to cover the probes
served to minimize their occurrence. The arroyo willow and red alder 1 also show
morning peaks, but at much lower amplitudes that are later in the morning. The time
lag time between sunrise and initial sap flow for the arroyo willow and red alder are
probably due to being partially shaded by other trees. All instrumented trees showed
appreciable activity during the winter period of dormancy, showing that even with
complete leaf loss, there was movement of fluids through the tree stems. It should be
noted however that the amplitudes of the winter sap flow diurnal cycles are an order
of magnitude less than those observed during periods of active growth.
Additionally, the observed sap flow behavior during winter is atypical, with variations that possibly approach the limits of instrument accuracy. It was also observed
that two of the four trees, red alder 1 and the arroyo willow, showed winter responses
that appeared to be largely out of phase with the other two trees. By mid-November
2017, red alder 1 displayed a sap flow pattern that included precipitous drops unlike
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Figure 5.5: Example weekly sap flow data of the four instrumented trees collected
over the monitoring period of August 18, 2017 through August 24, 2019.
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those observed in the other trees, with the lowest sap flow measured near midday and
the highest sap flow measured near midnight. By mid-March 2018, sap flow patterns
of red alder 1 returned to normal with peak flow times that where in sync with those
of the other instrumented trees. Red alder 1 and the arroyo willow showed similar
patterns before the following winter, starting around mid-November 2018, with returns
to normal behavior by mid-March 2019.
It is typical to use half of a sine wave to model sap flow, with peak sap flow at noon.
The weekly average times of peak sap flow over the study period of August 18, 2017
through August 24, 2019 for the four instrumented trees at the study site are displayed
in Figure 5.6 and Table B.2 (Appendix B). These data show considerable variability in
the time at which peak sap flow was observed for the four trees. The variability had a
strong seasonality, with winter having the most days with pronounced departures of
peak flow times from the ideal behavior of noon-time peaks. Winter peak times were
observed mostly in the late afternoon for all four trees. The other seasons showed
peak flow times with noon averages but with appreciable variability. The earliest and
latest peak times from August 18 through December 20, 2017 were 5:30 AM and 3:00
PM, respectively. For the spring season of March 20, 2018 through June 20, 2018, the
earliest and latest peak times were 8:30 AM and 4:30 PM, respectively, where as for
the summer period from June 21, 2018 through September 21, 2018, they were 9:00
AM and 2:45 PM, respectively. The early peak flow times tend to be associated with
morning peaks alluded to above.
5.3 Evapotranspiration of Riparian Forest
Sap flow data collected from the four instrumented trees were used to estimate
the ET of the riparian forest. This was achieved by combining the sap flux density
measurements with the phreatophytic vegetation survey data. As described in the
50

24

Peak Time
Standard Error

20

16
12
8

16
12
8
4

4
0

Peak Time
Standard Error

24
Time (24-hr)

Time (24-hr)

20

0
09/17

01/18

05/18 09/18 01/19
Date (month/year)

05/19

09/19

09/17

01/18

(a)
24

09/19

Peak Time
Standard Error

20
Time (24-hr)

Time (24-hr)

24

16
12
8
4
0

05/19

(b)
Peak Time
Standard Error

20

05/18 09/18 01/19
Date (month/year)

16
12
8
4

09/17

01/18

05/18 09/18 01/19
Date (month/year)

05/19

0

09/19

(c)

09/17

01/18

05/18 09/18 01/19
Date (month/year)

05/19

09/19

(d)

Figure 5.6: Mean weekly peak times and standard errors of sap flow from the (a)
arroyo willow, (b) red alder 1, (c) red alder 2, and (d) red alder 3 over the two-year
monitoring period.
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previous chapter, this required determination of the total volumetric sap flow rate of
each phreatophytic species by multiplying the mean sap flux density (uk ) in a given
instrumented species by its respective total sapwood area (SA,k ) and projecting the
results across the areal extent of the riparian forest canopy. The resulting riparian forest
ET is compared to NDVI/weather-based ET and to reference ET (ETo) reported by
a California Irrigation Management Information System (CIMIS) automated weather
station, located in Santa Cruz and 21 km from the study area.
Figure 5.7 shows the temporal variation of the calculated ET of each of the four
instrumented trees over the two-year monitoring period. The seasonal variations in
ET of the individual trees are clearly evident as one would expect from the sap flow
data shown in Figure 5.4. The ET data among the four trees appear to show moderate
to strong behavioral correlations, with red alders 2 and 3 consistently showing greater
ET than the other two trees during the peak flow periods. The seasonal averages of
the computed ET for the four trees are summarized in Table 5.4.
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Figure 5.7: Evapotranspiration (mm/day) of the four instrumented trees from August
18, 2017 through August 24, 2019.

In Figure 5.8a, the estimated ET over the entire riparian corridor on the basis
of sap flow are compared to ET estimates from two other methods, namely CIMIS
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ETo and NDVI/weather-based data. The residuals of the ET, defined simply as the
differences between the sap flow-based ET and the other methods, are shown in Figure
5.8b. As discussed previously, the two NDVI-based ET estimates were also obtained
using meteorological data (air pressure, air temperature, and solar radiation) from
two separate weather stations (CIMIS and Weather Underground) within the general
vicinity of the study area. Meteorological data from the nearby Weather Underground
(WU) station, located 5 km from the study area in Davenport, were not available
until March 2018. The seasonal averages of the sap flow-based ET, CIMIS ETo, and
NDVI/weather-based ET are summarized in Table 5.5.
Table 5.4: Seasonal mean ET (mm/day) estimates of the four instrumented trees and
the entire riparian forest over the two-year monitoring period.
Arroyo
Willow

Season
2 years
Summer 2017
Fall 2017
Winter 2018
Spring 2018
Summer 2018
Fall 2018
Winter 2019
Spring 2019
Summer 2019
 Seasons

0.9
1.1
0.7
0.3
1.1
1.0
1.0
0.3
1.4
2.0

Red Alders
1
2
3
0.7
0.9
0.5
0.3
0.9
1.0
0.4
0.3
0.7
1.0

1.4
2.0
1.1
0.2
2.0
2.2
1.2
0.1
1.8
2.5

2.4
2.7
1.8
0.4
3.0
3.8
2.1
0.4
3.4
5.2

Riparian
Forest
2.5
3.7
2.2
0.7
3.5
3.6
2.0
0.5
3.0
4.1

with incomplete or missing data

Generally, there is a strong correlation in the observed temporal behavior, as well
as moderate agreement in estimates of ET over the active growing periods of spring,
summer, and fall. This is particularly the case when comparing the sap flow-based ET
to CIMIS ETo. However, there are notable divergences in the data. In fall of 2017, the
sap flow-based ET appeared to be similar to the CIMIS ETo and NDVI/CIMIS-based
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Figure 5.8: A plot comparing (a) the sap flow-predicted riparian forest ET to the other
methods and (b) the corresponding residuals over the two-year monitoring period.
The dashed red and blue lines represent residual bounds of ±1 and ±2 mm/day,
respectively.
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ET (Figure 5.8a). In winter of 2018, the sap flow-based ET was substantially lower
than the CIMIS ETo and both NDVI/weather-based ET values. In spring of 2018, the
sap flow-based ET was marginally lower than the CIMIS ETo, but was substantially
lower than both NDVI/weather-based ET values. In summer of 2018, sap flow-based
ET was similar to NDVI/WU-based ET, but it was marginally lower than the CIMIS
ETo and NDVI/CIMIS-based ET. This pattern was repeated in the second year of
the study period.
Table 5.5: Seasonal mean ET (mm/day) estimates of the different methods for the
entire riparian forest over the two-year monitoring period.

Season
2 years
Summer 2017
Fall 2017
Winter 2018
Spring 2018
Summer 2018
Fall 2018
Winter 2019
Spring 2019
Summer 2019
 Seasons

Sap
Flow

CIMIS
ETo

2.5
3.7
2.2
0.7
3.5
3.6
2.0
0.5
3.0
4.1

3.0
3.3
2.3
2.0
4.0
4.1
2.1
1.7
3.7
4.4

NDVI
CIMIS WU
3.5
3.2
2.2
2.3
5.1
4.3
2.1
2.2
5.1
4.9

4.8
3.4
1.7
1.9
4.6
4.4

with incomplete or missing data

Figure 5.8b shows the ET residuals between sap flow-based ET and NDVI/weatherbased ET. The dashed red and blue lines on the graph mark ±1 and ±2 mm/day
residual bounds, respectively. The residuals are highest during winter and early spring,
which exceed 2 mm/day. The ET predicted by the other methods largely exceeds
the ET based on sap flow due to dormancy of the willows and red alders during the
winter seasons. During the mid-summer to late fall periods, the residuals are mostly
within ±1 mm/day, indicating relatively strong agreement between sap flow-based ET
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and the other methods. In Figure 5.9, the residuals are plotted in a histogram. The
residuals of sap flow-based ET and CIMIS ETo appear to follow a normal distribution.
However, they failed the test of normality (p=0.005) due to systematic differences
between the two methods.
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Figure 5.9: A histogram showing the residuals between the sap flow-based ET and
the other methods over the two-year monitoring period.

To further highlight the correlation of sap flow-based ET with the other two
methods, scatter plots of the data are shown in Figure 5.10. The regression lines
are forced through the origin (0, 0) in order to easily compare the bias between sap
flow-based ET and the other methods (Figures 5.10a and 5.10b). The data show
positive correlations between sap flow-based ET and ET determined by the other
methods (Figure 5.8a), with high variance and clear bias as much of the data scatter
is widely distributed above the 1:1 line (shown in red). Data points above the 1:1
line indicate that sap flow-based ET was lower than the ET computed with the other
methods. Table 5.6 shows the slopes and coefficients of determination (R2 ) of the ET
data with and without the winter data. Excluding winter data marginally improved
the slopes and R2 values. The fact that the slopes of the regression lines are higher
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than 1:1 is an indication of overall bias in the sap flow-based ET prediction of the
CIMIS ETo and NDVI/weather-based ET. The excluded winter data are marked in
cyan in Figure 5.10b, where the data clearly plot above the 1:1 line, which confirms the
observation made above that sap flow-based ET underestimates winter ET predicted
by the other methods.
Table 5.6: Model parameters for the best fit through the origin (0, 0) to correlate sap
flow-based ET with the CIMIS ETo and NDVI/weather-based ET.
w/ winter data

w/o winter data
Slope

R2

0.911

1.081

0.953

1.260

0.893

1.237

0.932

1.135

0.914

1.136

0.938

Method

Slope

R

CIMIS ETo

1.103

NDVI/CIMIS
NDVI/WU

2

In Figures 5.10c and 5.10d, the regression lines are not forced through the origin
in order to compare the bias between sap flow-based ET and the other methods at
different estimates of ET. Table 5.7 shows the slopes, y-intercepts, and R2 values
of the ET data with and without the winter data. Excluding winter data improved
the slopes and decreased the y-intercepts appreciably, but most of the R2 values
slightly decreased. The fact that the slopes of the regression lines are similar to
or slightly less than 1:1 is an indication of strong agreement in temporal behavior
between sap flow-based ET and the other methods. In addition, the regression lines
are located above the 1:1 line in Figure 5.10d, which indicates that sap flow-based ET
underestimates ET predicted by the other methods during the growing season.
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Figure 5.10: Scatter plots of CIMIS ETo and NDVI/weather-based ET versus sap
flow-based ET with winter data in (a) and (c), and without winter data in (b) and
(d) (the removed winter data are highlighted in cyan). The red line represents the
1:1 slope. Regression lines, color-coordinated with respective data sets, are forced
through the origin (0, 0) in (a) and (b).
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Table 5.7: Model parameters for the best fit to correlate sap flow-based ET with the
CIMIS ETo and NDVI/weather-based ET.
w/ winter data

w/o winter data
Slope

Y-int

R2

0.688

0.911

0.611

0.694

1.355

0.578

1.063

0.600

0.554

1.213

0.594

0.905

0.819

0.528

Method

Slope

Y-int

R

CIMIS ETo

0.788

1.078

NDVI/CIMIS

0.851

NDVI/WU

0.789

2

5.4 Long-term Groundwater Fluctuations
Groundwater fluctuations were continuously measured in five piezometers (JFP-1,
JFP-2, PHP-1, PHP-4, and VFDP-4) and the Pump House irrigation well from August
18, 2017 to April 27, 2019. All piezometers are completed in a thin clay/silt aquitard
layer that sits atop the underlying leaky confined aquifer (Pritchard-Peterson, 2018).
All piezometers responded to riparian forest ET as well as to pumping from the Pump
House irrigation well. Data from the irrigation well and the most responsive of the
piezometers, PHP-1, are shown in Figures 5.11 and 5.12. Piezometer and well data are
reported here as changes relative to the respective first water level recorded to facilitate
their comparison. Piezometer PHP-1 and the Pump House irrigation well are about
18 m apart; the piezometer is completed in the aquitard that overlies the confined
aquifer in which the irrigation well is completed. The aquitard is about three orders
of magnitude less permeable than the aquifer. These data show fluctuations that are
clearly caused by groundwater pumping, ET, recharge primarily from winter-spring
precipitation events, and long-term discharge to the stream and ocean characterized
by a period of recession from the end of spring through the summer and into the
fall. There is a strong correlation between the two data sets compared here, which
is indicative of inter-connectedness of the leaky confined aquifer and the overlying
shallow aquitard.
59

2.0
Scotts Creek stage
1.5

Water Level (m)

1.0
0.5
0.0
2.0
1.5

PHW
PHP-1

1.0
0.5

Precipitation (mm/day)

0.0
SPR Rainfall

100
80
60
40
20
0

09/17

11/17

01/18

03/18

05/18
07/18
09/18
Date (month/year)

11/18

01/19

03/19

05/19

Figure 5.11: Groundwater fluctuations observed in piezometer PHP-1 and the Pump
House irrigation well from August 18, 2017 through April 26, 2019. Daily precipitation
of Swanton Pacific Ranch and stage of Scotts Creek are shown over the same period.
The gray boxes represent the two zoomed-in time periods shown in Figure 5.12.
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Responses due to ET are superposed on those due to Pump House irrigation well
groundwater pumping. The ET responses are most pronounced in the piezometer data
and are largely imperceptible in the irrigation well. This is highlighted in Figure 5.12,
where we zoom into the aquifer and aquitard responses for two monitoring periods
of August 18, 2017 to November 1, 2017 and August 1, 2018 to November 1, 2018.
The ET response is characterized by diurnal fluctuations with variable amplitude
determined by daily weather variables including, but not limited to, air temperature,
humidity, and solar radiation. The ET response is most perceptible during periods of
aquifer and aquitard recovery following a pumping event. When the pumping frequency
is daily, the ET response is practically indistinguishable from the response due to
pumping. In such cases, the amplitude of the aquitard response is much larger than
that due to ET alone. The data clearly show that the riparian corridor phreatophytes
induce measurable fluctuations in the thin clay/silt aquitard that overlies the aquifer.
Detailed quantitative analysis of the cross-correlation between the two data sets as
well, as estimation of total groundwater abstraction due to ET, are outside the scope
of the present work. Here, it is sufficient to show ET-induced groundwater fluctuations
in the aquitard and aquitard response to pumping in the aquifer. The aquitard is in
direct hydraulic contact with Scotts Creek. Hence, demonstrating its connection to
the aquifer shows that the aquifer is also in direct hydraulic connection with the creek.
The ET effect, however, does not propagate into the aquifer on the diurnal time-scale,
with the ET response of the aquifer being largely imperceptible.
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Figure 5.12: Groundwater fluctuations observed in piezometer PHP-1 and the Pump
House irrigation well (a) from August 18, 2017 to November 1, 2017, and (b) from
August 1, 2018 to November 1, 2018.
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CHAPTER 6: DISCUSSION

As stated previously, the objective of this work was to estimate riparian forest
ET from sap flow measurements collected in a small sample of phreatophytic trees.
The trees, namely arroyo willows and red alders, were selected because they are the
predominant vegetation of the riparian corridor studied here. The purpose of this
chapter is to assess the results of the study and their implications for consumptive
groundwater usage by riparian forests. An assessment of the results is accomplished
through a comparison to other research and ET estimates from the area in the
vicinity of the study site. Lastly, the long-term groundwater fluctuations induced
by groundwater abstraction by phreatophytic trees are assessed. Modeling of the
observed groundwater fluctuations is outside the scope of this work.
6.1 Evapotranspiration of Riparian Forest
Sap flow measurements were collected in the same four trees over the two-year
monitoring period. For each individual tree, the data were largely repeatable during
the growing seasons, with comparable average seasonal amplitudes. The modest
increments in seasonal ET averages of the instrumented trees over the study period
are a result of natural tree stem growth. From August 2017 through April 2019, the
stem diameters of the instrumented trees increased 8–21%, which indicates modest
growth over the monitoring period. The values are shown in Table B.1 (Appendix
B). The sapwood area of each instrumented tree was interpolated for each month of
the growing seasons over the two-year monitoring period. The growing season was
assumed to be from April 1 through October 31, based on periods of high sap flow
data.
The fact that sap flow probes were left in the trees for such a prolonged period
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and continued to yield meaningful measurements was unexpected because Köstner
et al. (1998) reported that other users of the sap flow probes used the same drill holes
for one growing season, at the most. This is because a tree responds to the wound by
forming tyloses over those vessels and affecting heat transfer capabilities (Wullschleger
et al., 2011). Thus, Köstner et al. (1998) recommended to move the probes to new
drill holes every growing season. In addition, Moore et al. (2010) reported a 30%
decrease in daily average sap flux density during the second growing season for red
alders. For the present study, to have collected seemingly credible two-year data could
be attributable to the fact that the four instrumented trees were younger, smaller,
and of different species than those in other studies. Hence, the differences in age, stem
diameter, and species could have affected the healing responses.
The four instrumented trees showed similar seasonal patterns over the study period
but had varying average individual ET during the growing seasons, with red alder
3 consistently showing the highest average ET, and red alder 1 showing the least.
The response of the willow was largely comparable to that of red alder 1, but had
marginally larger magnitudes. At the individual scale, the observed growing season
averages were 1–4 mm/day. The data collected during the partial growing season
of 2019 showed consistently smaller and larger magnitudes during the spring and
summer, respectively. This appears to correlate modestly to the marginally lower and
higher mean solar radiation during spring and summer, respectively. The variations in
ET between the the instrumented trees were a function of phenological and structural
differences. The four instrumented trees had different canopy and sapwood areas. A
tree with a larger sapwood area could have a higher volumetric sap flow rate (Moore
et al., 2011). Due to thin latewood rings, the ages of the instrumented trees could not
be determined. The four instrumented trees were located along a straight transect,
with the first and last instrumented trees being within 20 m of each other, so their
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locations may not have greatly affected ET. However, the arroyo willow and red alder
1 were not as fully exposed to solar radiation as were red alders 3 and 4, which was
demonstrated by fewer occurrences morning peaks. All four instrumented trees were
part of multi-stem trees. Multiple leaders branched out within a foot of the ground
surface. The effect of multi-stem trees on ET is not known. Future research could
compare ET based on relative canopy position, as well as dominant, co-dominant, and
suppressed phreatophytic trees.
The ET projected across the entire riparian forest, from the sap flow measurements
made on the four trees and sampling of tree stem diameters and sapwood depths in
six sample plots, correlated strongly with the CIMIS ETo and ET computed on the
basis of NDVI/meteorological data. The sap flow-based forest ET had consistently
lower average magnitudes during the growing seasons. The radical departure from
the values computed by the other methods occurred over the winter seasons, which
was due to vegetation differences between the sap flow-based ET, CIMIS ETo, and
NDVI/weather-based ET. Sap flow-based ET was collected on deciduous trees that
lost their leaves every winter. Hence, the values were consistently less than those
from the other methods during both winter seasons. The observed daily fluctuations
were within the noise range of the measurement method and could be associated with
temperature fluctuations from heat transfer processes that were not attributable to sap
flow. The CIMIS weather station calculated ETo from a cool-season perennial grass,
so the grass did not die back every winter and continued to release water into the
atmosphere. Although most trees lost their leaves along lower Scotts Creek, there was
still plenty of green understory vegetation and some evergreen overstory vegetation,
which were shown by the NDVI data. This explains why the ET residuals showed
seasonal patterns with peaks being highest and smallest during winter and fall seasons,
respectively.
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The calculated ET of the riparian forest was based on measurements of sap flow
in phreatophytic trees and a survey of tree stem diameters and sapwood areas in six
sample plots. As such, this computed ET could be higher than the true ET. This
assertion was made from the general observation about the location of the instrumented
trees: they were located on the edge of the forest where one would expect greater light
interception (Crosbie et al., 2007). The calculated ET could also be higher because the
instrumented trees appeared younger than most trees in the riparian forest. Younger
trees are known to be more hydraulically active than older ones. This is particularly
true for red alders as reported in Moore et al. (2004). The structural bias in this study
could be obviated by a more complex multi-plot sap flow measurement experimental
design that captures spatial variations as well as samples the entire age range of the
riparian forest.
6.2 Groundwater Response to Evapotranspiration
Long-term passive groundwater monitoring data were analyzed qualitatively to
assess the magnitude of fluctuations in water levels from season to season and year to
year. Unlike short-term pumping tests, long-term monitoring data reveal a clearer
correlation of the hydraulic behavior of the separate hydrostratigraphic units of the
subsurface. These data permit observation of the differences in the magnitude and
timing of responses within aquifer system layers, identification of causal hydrologic
stresses, and tracking of fluctuations in water levels from season to season and from
year to year in response to varying climatic conditions and groundwater abstraction.
On average, at the study site, groundwater levels increased every winter before receding
and reaching their lowest levels in the fall. The steady decrease in water levels during
the summer and fall is largely attributable to ocean and stream discharge, consumption
by phreatophytic vegetation, and groundwater withdrawal for crop irrigation. Diurnal
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groundwater level fluctuations due to uptake by phreatophytes are much smaller than
those due to pumping. Piezometers installed in the aquitard unit above the main
aquifer showed a clear response to pumping from the aquifer. This is an indication of
leakage across the confining unit and connectivity of the deep aquifer to the aquitard.
Previous work at the site revealed that, during a controlled pumping test, the response
in the aquitard was challenging to distinguish from ET-induced fluctuations, making
it difficult to gauge the degree of hydraulic connectivity between the aquitard and the
aquifer (Pritchard-Peterson, 2018). The data reported here show that if the aquifer
pumping frequency is daily, matching that ET abstraction frequency, it is practically
impossible to make a distinction between aquitard responses to pumping and ET.
The response due to ET is most apparent during prolonged periods of quiescence
following water-level recovery from a pumping event. These responses are smaller
in magnitude than those observed during pumping cycles; they are of the order of
millimeters, whereas responses to pumping are of the order of a few centimeters.
As mentioned earlier, modeling groundwater declines due to ET is outside the
scope of the present work. This work only serves to qualitatively demonstrate the
linkages between groundwater flow and riparian forest ET. The aquitard is in direct
hydraulic contact with Scotts Creek. The long-term monitoring data show that the
aquitard is in hydraulic connection to both the stream and the underlying aquifer.
This suggests that the aquifer is in hydraulic connection with the stream through
leakage across the aquitard. The leakage from the aquitard comes partly from aquitard
storage and partly from the stream. The qualitative review of the data presented in
this work is not sufficient to disentangle these two mechanisms. However, it can be
said that the ET effect appears to be restricted to the aquitard and does not propagate
sufficiently into the aquifer on the diurnal time-scale. The ET response of the aquifer
is largely imperceptible.
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6.3 Recommendations
There are limitations in this study that could be addressed in future research: (1)
location and number of instrumented trees, (2) size of instrumented trees, (3) location
and number of sap flow probes on tree stems, and (4) measurement of sapwood area
for individual trees and the entire riparian forest. The sampling design for this study
was partly restricted due to the stem-diameter limitation of the probes (7.6–12.7 cm).
As stated previously, younger trees are known to be hydraulically active than older
trees. Using a combination of small and large sap flow probes to see the differences in
sap flux density could provide more accurate estimates of ET.
The requirement of a canopy gap for the solar panel and the maximum length (33
m) of the sap flow probe cords limited possible instrumented tree locations. With their
location on the edge of the riparian corridor and along a narrow lightly-used ranch
road, the instrumented trees were more exposed to meteorological factors like solar
radiation and wind, which means they could display higher rates of ET compared to
similar trees in the middle of the riparian forest. The sap flow data showed morning
peaks within an hour after sunrise when solar radiation reached the stems of nonshaded trees. These morning peaks often displayed the highest sap flow rates of the
day. As mentioned previously, the canopy coverage of the riparian corridor often
approaches 100% during the growing season (Cook, 2016). For a tree in the middle of
the riparian corridor, its main stem and any exposed roots could be less influenced by
environmental factors and the sap flow may demonstrate less erratic behavior.
The probes were placed on the southern sides of all four trees for protection from
flooding. However, this made the probes more vulnerable to thermal gradients (e.g.,
direct solar radiation). Since the probes were never relocated to other sides of the
trees, the extent of possible error could not be determined.
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Additional pairs of probes could be installed on each instrumented tree at different
depths and average the sap flux densities because the sap flux density is not uniform
throughout the entire sapwood area of a tree (Granier et al., 1996). Moore et al. (2004)
reported radial variation in sap flow for red alders. Due to budgetary constraints, the
sap flux density was assumed to be equal throughout the sapwood.
The total sapwood area of the riparian forest could be surveyed at additional points
in time with the same sample plots and then linearly interpolated for each month
of the growing seasons within the monitoring period. Instrumented trees could be
cored before the start of the measurement period in order to determine their increases
in bark thickness, sapwood depth, and heartwood/pith radius. Also, more wood
cores could be extracted from additional phreatophytic trees within sample plots in
order to better estimate the total sapwood area of the riparian forest. In addition,
other methods, although more destructive and/or time-consuming, may provide more
accurate estimates, such as cutting a few trees down or performing more complex tests
with safranin dye (Moore and Aparecido, 2019).
The method of using long-term sap flow measurements to estimate the ET of a
riparian forest could be replicated on other phreatophytic species for similar or longer
periods of time. Other phreatophytic trees may react differently to sap flow probes
in terms of sap flow behavior and physical intrusion of the probes. One of the sap
flow probes in the red alders failed after 737 days for unknown reasons. However,
the three remaining sap flow probes were still recording sap flow before removal in
mid-April 2020, 975 days after installation in mid-August 2017. There was significant
stem growth on each sap flow probe, which suggests that two or three years could
be the maximum limit for sap flow probes installed in young red alders and arroyo
willows.
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CHAPTER 7: CONCLUSION

One of the primary objectives of this study was to determine the ET flux by
phreatophytic vegetation in a riparian forest using direct measurements of sap flow
over a two-year monitoring period. Agricultural lands are often adjacent to riparian
corridors, as was the case for this study. At Swanton Pacific Ranch, groundwater
is the primary source of water for irrigating agricultural croplands. By knowing
the groundwater consumption of riparian forests, groundwater abstraction could be
mitigated, if necessary.
Four common phreatophytic trees, comprising an arroyo willow and three red alders
within the riparian corridor, were chosen for sap flow measurements. Sap temperature
differentials were continuously recorded at one-minute intervals and averaged every
15 minutes with thermal dissipation probes, as proposed by Granier (1985). The
maximum sap temperature differential was determined every 10 days to account for
nocturnal sap flow. There is great uncertainty on the accuracy of sap flow probes
measuring sap flow rates in the same position on a plant over long periods because
many studies took sap flow measurements for less than one growing season (e.g.,
Granier et al. (1996) and Moore et al. (2004)). However, in this study, all four pairs
of probes collected credible sap flow measurements for 737 consecutive days.
Riparian vegetation surveys were conducted to determine the total sapwood areas
of three surveyed phreatophytic species, namely red alders, arroyo willows, and pacific
willows. Within six sample plots, the DBH of each tree stem was measured. Wood
cores were extracted from a subsample of pheatophytes in each plot in order to
determine the bark thicknesses, sapwood depths, and heartwood/pith radii of these
trees. Functions were then fit to the data for estimating the sapwood areas of all
phreatophytic trees in the six sample plots.
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Sap flow data from the four instrumented trees were extrapolated to the riparian
forest within the study area in order to estimate the ET of the forest. The mean
sap flux density of each instrumented phreatophytic species was combined with that
species’ total sapwood area to determine the volumetric sap flow rate for the riparian
forest within the study area. Then, the volumetric sap flow rate was divided by
the canopy areal extent of the riparian forest to determine the ET flux. All water
transpired by the phreatophytic trees was assumed to be groundwater.
The sap flow-based ET of the riparian forest was compared to ET estimates based
on normalized difference vegetation index (NDVI) data and two sets of meteorological
data, and to reference ET (ETo) within 5–21 km of the study area. The ETo data set
consisted of hourly reference ET data reported by a California Irrigation Management
Information System (CIMIS) automated weather station (104 De Laveaga) in Santa
Cruz. The NDVI data were provided by weekly eMODIS composite sets at 250-m
× 250-m spatial resolution. The two sets of meteorological data (air pressure, air
temperature, and solar radiation) were obtained from the CIMIS station and a Weather
Underground (WU) weather station (KCADAVEN7) in Davenport. The results showed
that the sap flow-based ET estimates were consistently lower than the CIMIS ETo
and NDVI/weather-based ET estimates.
The long-term passive monitoring of groundwater fluctuations showed that the
aquitard is in direct hydraulic connection to both the stream and the underlying aquifer.
Groundwater responses to ET were most pronounced in the aquitard. However, it was
practically impossible to make a distinction between aquitard responses to pumping
and ET when groundwater pumping occurred daily. In future research, a detailed
quantitative analysis of groundwater response due to ET could be performed.
The conclusions presented herein were based on the results of a two-year study.
Further research could include: (1) a larger sample of instrumented trees to better
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characterize sap flow behavior, (2) a sample of instrumented trees with a greater
variety of main stem diameters in order to better characterize the sap flux density
for each species, (3) greater spatial distances between instrumented trees, and (4)
long-term monitoring of sap flow in other phreatophytic species.
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Čermák, J., Deml, M., Penka, M., 1973. A new method of sap flow rate determination
in trees. Biologia Plantarum 15, 171–178.
Clearwater, M.J., Meinzer, F.C., Andrade, J.L., Goldstein, G., Holbrook, N.M., 1999.
Potential errors in measurement of nonuniform sap flow using heat dissipation
probes. Tree Physiology 19, 681–687.
Cook, B.O., 2016. Lower Scotts Creek Floodplain and Habitat Enhancement Project.
Master’s thesis. California Polytechnic State University.
Crosbie, R.S., Wilson, B., Hughes, J.D., McCulloch, C., 2007. The upscaling of
transpiration from individual trees to areal transpiration in tree belts. Plant and
Soil 297, 223–232.
D, S.S., Monson, R.K., Anderson, J.E., 1997. Physiology Ecology of North American
Desert Plants. Springer. chapter Phreatophytes. pp. 165–178.
Daley, M.J., Phillips, N.G., 2006. Interspecific variation in nighttime transpiration and
stomatal conductance in a mixed new england deciduous forest. Tree Physiology 26,
411–419.
Deal, R.L., Harrington, C.A., 2006. Red alder—a state of knowledge. General Technical
Report PNW-GTR-669. U.S. Department of Agriculture, Forest Service, Pacific
Northwest Research Station.
Dietterick, B. (Ed.), 2015. Swanton Pacific Ranch Management Plan. California
Polytechnic State University.
Do, F., Rocheteau, A., 2002. Influence of natural temperature gradients on measurements of xylem sap flow with thermal dissipation probes. 1. field observations and
possible remedies. Tree Physiology 22, 641–648.
Dobkowski, A., 2006. Red alder—a state of knowledge. General Technical Report
PNW-GTR-669. U.S. Department of Agriculture, Forest Service, Pacific Northwest
Research Station. chapter Red Alder Plantation Establishment: Site Selection, Site
preparation, Planting Stock, and Regeneration. pp. 87–94.
Doorenbos, J., Pruitt, W.O., 1977. Guidelines for predicting crop water requirements.
FAO Irrigation and Drainage Paper 24. Food and Agriculture Organization of the
United Nations, Rome.

74

Fan, J., Ostergaard, K.T., Guyot, A., Fujiwara, S., Lockington, D.A., 2016. Estimating
groundwater evapotranspiration by a subtropical pine plantation using diurnal water
table fluctuations: Implications from night-time water use. Journal of Hydrology
542, 679–685.
Fowells, H.A., 1965. Silvics of forest trees of the United States. Number 271 in
Agriculture Handbook, U.S. Department of Agriculture, Forest Service.
Frédette, C., Labrecque, M., Comeau, Y., Brisson, J., 2019. Willows for environmental
projects: A literature review of results on evapotranspiration rate and its driving
factors across the genus Salix. Journal of Environmental Management 246, 526–537.
Giordano, P.A., 1989. Growth and Carbon Allocation of Red Alder Seedlings Grown
Over a Density Gradient. Master’s thesis. Oregon State University.
Goodrich, D.C., Scott, R., Qi, J., Goff, B., Unkrich, C.L., Moran, M.S., Williams, D.,
Schaeffer, S., Snyder, K., MacNish, R., et al., 2000. Seasonal estimates of riparian
evapotranspiration using remote and in situ measurements. Agricultural and Forest
Meteorology 105, 281–309.
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Szilágyi, J., Gribovszki, Z., Kalicz, P., Kucsara, M., 2008. On diurnal riparian zone
groundwater-level and streamflow fluctuations. Journal of Hydrology 349, 1–5.
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APPENDIX A: THERMAL DISSIPATION PROBE INSTALLATION

(a)

(b)

Figure A.1: (a) Leveling the J-bolts within the concrete pad, and (b) installation of
the solar panel on the tower.

(a)

(b)

Figure A.2: Installing the cords of the sap flow probes into the PVC pipes that lead
to (a) the instrumented arroyo willow and (b) the three instrumented red alders.
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APPENDIX B: LONG-TERM SAP FLOW MONITORING

Table B.1: Measured diameters at breast height (DBH), estimated sapwood areas,
and estimated canopy areas of the four instrumented phreatophytic trees during the
two-year monitoring period.
Instrumented
Tree
Arroyo Willow
Red Alder 1
Red Alder 2
Red Alder 3

DBH (cm)
Aug 2017 April 2019
10.4
11.9
9.9
10.7
13.5
15.2
10.9
13.2
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SA (cm2 )
Aug 2017 April 2019
77.1
102.6
69.4
81.1
126.7
164.6
81.0
121.6

Acp (m2 )
April 2019
13.37
11.29
14.33
8.41

(a)

(b)

(c)

(d)

Figure B.1: The four riparian phreatophytic trees used to measure sap flow over the
two-year monitoring period: (a) arroyo willow, (b) red alder 1, (c) red alder 2, and (d)
red alder 3.
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Table B.2: Seasonal statistics of daily sap flow peak times (PST) for the four instrumented trees, including mean daily peak times, µ, and standard errors, σ.
Season
Summer
2017

Fall 2017

Winter
2018

Spring
2018

Summer
2018

Fall 2018

Winter
2019

Spring
2019

Summer
2019
 Seasons

Statistic
min
max
µ
σ
min
max
µ
σ
min
max
µ
σ
min
max
µ
σ
min
max
µ
σ
min
max
µ
σ
min
max
µ
σ
min
max
µ
σ
min
max
µ
σ

Arroyo
Willow
9:45
14:45
12:30
1.04
5:30
15:00
12:30
1.20
3:15
21:45
15:00
3.24
8:30
16:15
12:15
1.56
9:00
14:45
12:30
1.11
00:45
23:30
12:45
2.94
1:30
23:45
14:30
4.83
9:00
16:00
12:45
1.41
10:15
16:00
12:45
1.09

with incomplete or missing data
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Red Alders
1
2
3
9:00
8:00
8:00
14:45 14:30 14:30
11:30 10:30 10:15
1.53
1.88
1.80
00:15 1:15
1:15
23:00 15:00 15:00
12:15 11:00 10:30
5.38
2.18
1.86
00:30 2:00
2:00
23:45 23:00 21:45
15:45 13:30 12:15
7.44
2.25
2.12
3:15
7:30
2:00
23:15 16:00 15:00
11:30 10:45 10:00
2.16
2.17
2.11
9:00
7:30
7:30
15:30 14:30 14:30
11:45 11:00 10:00
1.26
1.87
1.89
00:15 2:45
8:30
23:45 15:15 16:00
14:00 11:00 11:15
5.50
2.19
1.80
00:00 00:30 00:15
23:45 19:30 21:45
12:45 13:00 11:00
8.13
3.43
3.34
9:15
7:30
7:15
16:15 16:00 16:00
12:15 11:15 11:00
1.47
2.19
1.91
10:15 7:30
7:30
15:45 15:00 14:45
12:00 10:15 10:30
1.05
1.93
1.86

APPENDIX C: PHREATOPHYTIC VEGETATION SURVEY AND SAPWOOD
AREA

Table C.1: Results of phreatophytic vegetation survey for Plot 1.
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Species
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Pacific Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder

DBH (m)
0.757
0.358
0.292
0.419
0.221
0.224
0.124
0.368
0.122
0.097
0.102
0.160
0.216
0.147
0.264
0.104
0.274
0.112
0.279
0.287
0.348
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DB (m)
0.0055
0.0074
0.0036
0.0025
0.0051
0.0076

RH (m)
0.0095
0.0251
0.0000
0.0292
0.0015
0.0005

SA (m2 )
0.094
0.1272
0.007
0.032
0.0507
0.0870

Table C.2: Results of phreatophytic vegetation survey for Plot 2.
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Species
Red Alder
Red Alder
Pacific Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Red Alder
Red Alder
Pacific Willow
Arroyo Willow
Red Alder
Red Alder
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Red Alder
Red Alder
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow

DBH (m)
0.076
0.183
0.386
0.025
0.025
0.051
0.046
0.038
0.056
0.335
0.140
0.155
0.076
0.333
0.051
0.119
0.203
0.056
0.221
0.287
0.051
0.127
0.099
0.168
0.188
0.147
0.099
0.076
0.127

86

DB (m)
0.0043
0.0051
0.0076
0.0040
0.0065
-

RH (m)
0.0041
0.0006
0.0019
0.0013
0.0010
-

SA (m2 )
0.0238
0.0830
0.0792
0.0356
0.0590
-

Table C.3: Results of phreatophytic vegetation survey for Plot 3.
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Species
Coast Redwood
Coast Redwood
Coast Redwood
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder

DBH (m)
0.119
0.109
0.229
0.180
0.114
0.239
0.168
0.038
0.109
0.038
0.122
0.066
0.330
0.124
0.147
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DB (m)
0.0030
0.0061
0.0051
0.0043
0.0034

RH (m)
0.0013
0.0216
0.0015
0.0013
0.0022

SA (m2 )
0.0238
0.0389
0.0195
0.0812
0.0155

Table C.4: Results of phreatophytic vegetation survey for Plot 4.
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Species
Pacific Willow
Red Alder
Pacific Willow
Pacific Willow
Pacific Willow
Pacific Willow
Pacific Willow
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder

DBH (m)
0.361
0.483
0.358
0.173
0.358
0.241
0.348
0.140
0.097
0.292
0.140
0.076
0.132
0.254
0.246
0.282
0.262
0.246
0.203
0.185
0.107
0.234
0.074
0.122
0.203
0.127
0.142
0.140
0.056
0.168
0.089
0.102
0.086
88

DB (m)
0.0114
0.0152
0.0206
0.0229
0.0025
0.0070
0.0020
0.0013
-

RH (m)
0.0079
0.0362
0.0191
0.0254
0.0013
0.0013
0.0013
0.0013
-

SA (m2 )
0.0894
0.1564
0.0778
0.0746
0.0066
0.0609
0.0041
0.0022
-

Table C.5: Results of phreatophytic vegetation survey for Plot 5.
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Species
Arroyo Willow
Arroyo Willow
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Red Alder
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Red Alder
Red Alder
Red Alder
Red Alder
Arroyo Willow

DBH (m)
0.137
0.127
0.826
0.069
0.046
0.030
0.028
0.036
0.061
0.061
0.183
0.216
0.056
0.058
0.066
0.053
0.071
0.064
0.061
0.198
0.224
0.178
0.127
0.257
0.173
0.231
0.417
0.457
0.152
0.244
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DB (m)
0.0043
0.0124
0.0020
0.0048
0.0050
0.0038
0.0030
0.0051
0.0051
0.0060
0.0091
0.0051

RH (m)
0.0015
0.0
0.0108
0.0146
0.0102
0.0000
0.0165
0.0064
0.0015
0.0013
0.0127

SA (m2 )
0.0130
0.0021
0.0275
0.0351
0.0224
0.0115
0.0466
0.0206
0.1286
0.1513
0.0424

Table C.6: Results of phreatophytic vegetation survey for Plot 6.
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Species
Arroyo Willow
Arroyo Willow
Red Alder
Arroyo Willow
Arroyo Willow
Arroyo Willow
Coast Redwood
Coast Redwood
Red Alder
Arroyo Willow
Coast Redwood
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Arroyo Willow
Red Alder
Red Alder
Red Alder
Red Alder

DBH (m)
0.262
0.279
0.419
0.117
0.297
0.272
0.102
0.226
0.528
0.140
0.262
0.122
0.117
0.043
0.025
0.030
0.025
0.033
0.030
0.048
0.033
0.041
0.051
0.058
0.091
0.155
0.122
0.323
0.218
0.437
0.229
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DB (m)
0.0051
0.0086
0.0071
0.0127
0.0038
0.0152
-

RH (m)
0.0095
0.0686
0.0521
0.0356
0.0127
0.0292
-

SA (m2 )
0.0566
0.0468
0.0436
0.1947
0.0165
0.1270
-
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Figure C.1: Histograms of measured phreatophytic tree diameters at breast height
(DBH) for all willows, arroyo willows, and pacific willows within the six sample plots.
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Figure C.2: Histograms of measured phreatophytic tree sapwood areas for all willows,
arroyo willows, and pacific willows within the six sample plots.
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APPENDIX D: STANDARD OPERATING PROCEDURE: DETERMINING
BOUNDARIES OF SAPWOOD AND HEARTWOOD IN TREES
D.1 CONTENTS
PURPOSE
DEFINITIONS
POTENTIAL HAZARDS
PERSONAL PROTECTIVE EQUIPMENT
ENGINEERING AND VENTILATION CONTROLS
SPECIAL HANDLING PROCEDURES
FIRST AID
SPILL AND ACCIDENT PROCEDURES
SEQUENCE OF OPERATIONS
WASTE DISPOSAL
D.1.1 PURPOSE
The purpose of this standard (provided by Thermo Fisher Scientific Inc., Waltham,
MA, USA) is to provide a procedure for the determination of boundaries of sapwood
and heartwood in trees.
D.1.2 DEFINITIONS
0.2% safranin aqueous solution contains Safranin O, which is a biological and
synthetic stain powder used for plant microscopy.
D.1.3 POTENTIAL HAZARDS
0.2% safranin aqueous solution may cause eye irritation and skin irritation, if
contacted. May stain the skin. May cause irritation to respiratory system, including
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nausea, headaches, and shortness of breath.
D.1.4 PERSONAL PROTECTIVE EQUIPMENT
For face protection, wear chemical splash goggles or safety glasses with side shields
to avoid dust, liquid splashes, or mists. For hand protection, use protective gloves
that are resistant and impermeable to the product. For body protection, wear a lab
coat and closed-toe shoes with non-slip soles.
D.1.5 ENGINEERING AND VENTILATION CONTROLS
Use adequate exhaust ventilation to prevent irritation to the respiratory system.
Prepare and process samples in a fume hood.
D.1.6 SPECIAL HANDLING PROCEDURES
1) Do not touch safranin with any unprotected part of the body.
2) Do not breathe in dust, vapors, mist, or gas.
3) Avoid direct sunlight.
D.1.7 FIRST AID
0.2% safranin first aid:
Eye Contact: Remove any contact lenses. Gently rinse eye(s) with plenty of water for
at least 15 minutes. Seek medical attention if irritation persists.

Skin Contact: Remove contaminated clothing and shoes. Wash affected area(s)
with plenty of soap and water. Wash clothing and shoes before reuse. Seek medical
attention.

Indigestion: Do not induce vomiting. Rinse mouth thoroughly. Give two glasses of
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water to the victim, if conscious. Seek medical attention.

Inhalation: If breathing, move victim to fresh air. If not breathing, provide artificial respiration or oxygen by trained personnel. Loosen tight clothing as necessary.
Seek medication attention immediately.
D.1.8 SPILL AND ACCIDENT PROCEDURES
In the event of a spill of Safranin O (powder):
1) Sweep or vacuum up spillage and collect in suitable container for disposal. Avoid
dust formation.

In the event of a small spill of 0.2% safranin aqueous solution (< 1 liter):
1) Contain and soak up spills with non-combustible absorbent material, such as sand,
earth, vermiculite, or diatomaceous earth immediately.
2) Sweep up absorbent material and place in an appropriate hazard waste container.

In the event of a large chemical spill:
1) Notify personnel in the immediate area and the supervisor.
2) Evacuate unnecessary personnel from the spill area.
3) Refuse entry.
4) Notify lab supervisor and/or Risk Management for cleanup.
D.1.9 SEQUENCE OF OPERATIONS for determining boundaries of sapwood and
heartwood
1) Make sure wood cores are free of dirt and debris.
2) Put a paper towel onto a large Petri dish. Place a single wood core onto the paper
towel. Trim the wood core to make it fit on the paper towel, if necessary. Put the
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pieces on the paper towel.
3) Use a small, disposable pipette to put small amounts of 0.2% safranin aqueous
solution all over the wood core. Notice any differences in rate of stain absorption on
the wood core. The stain is typically absorbed quicker by sapwood than heartwood.
4) Visually estimate the boundaries of sapwood and heartwood. Measure with a ruler.
5) Repeat steps 2 through 4 for other wood cores.
D.1.10 WASTE DISPOSAL
Do not dispose waste with household garbage. Do not pour waste down the
sink. Disposal should be in accordance with regional, national, and local laws and
regulations.
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